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Referat:
In dieser Arbeit wurde eine systematische Untersuchung der Abscheidung von TiO2 mit-
tels reaktiver Ionenstrahlzersta¨ubung von einem metallischen Ti-Target sowie von einem
keramischen TiO2-Target durchgefu¨hrt. Der Einfluss der Prozessparameter, d.h. der Io-
nensorte, der Ionenenergie, des Einfalls- und Emissionswinkels sowie des Targetmaterials,
auf die Eigenschaften der Sekunda¨rteilchen und der TiO2-Schichten wurde untersucht. Der
Ionenstrahl wurde mit einer Faradaysonde, einem Gegenfeldanalysator und einem energiese-
lektiven Massenspektrometer charakterisiert. Das Massenspektrometer wurde auch zur Un-
tersuchung der Massen- und Energieverteilung der Sekunda¨rionen eingesetzt. Mit SDTrimSP
simulierte Energieverteilungen der Sekunda¨rteilchen zeigten eine gute U¨bereinstimmung mit
den gemessenen Energieverteilungen der Sekunda¨rionen. Die TiO2-Schichten wurden mittels
Ellipsometrie, Ro¨ntgendiffraktometrie, -reflektometrie, Rutherford-Ru¨ckstreu-Spektrometrie
und Rasterkraftmikroskopie untersucht. Eine Verringerung des Streuwinkel fu¨hrte zu einer
Erho¨hung der Sekunda¨rteilchenenergien, resultierend daraus wurde eine versta¨rkte Implan-
tation von Prima¨rteilchen, eine Oberfla¨chengla¨ttung sowie eine systematischen A¨nderung
der Massendichte und folglich der optischen Eigenschaften beobachtet. Die Ionenenergie
und das Targetmaterial spielten dabei eine untergeordnete Rolle.
Abstract:
A systematic investigation of the reactive ion beam sputter deposition of TiO2 from a metallic
Ti and a ceramic TiO2 target was performed. The influence of the process parameters, i.e.
the ion species, ion energy, ion incidence angle, emission angle, and the target material,
on the properties of the secondary particles and the TiO2 films was investigated. The
ion beam was characterized with a Faraday probe, a retarding potential analyzer, and an
energy-selective mass spectrometer. The mass spectrometer was also used to determine the
mass and energy distribution of the secondary ions. The experimentally obtained energy
distributions were compared to the energy distributions of the secondary particles that were
simulated with SDTrimSP. A good agreement was found. The TiO2 films were investigated
by spectroscopic ellipsometry, X-ray diffraction, X-ray reflectivity, Rutherford backscattering
spectrometry, and atomic force microscopy. Reducing the scattering angle lead to an increase
of the secondary particle energies, resulting in an enhanced implantation of primary particles,
surface smoothing, and a systematic change of the mass density and consequently of the
optical properties. The ion energy and the target material had a minor influence.
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Chapter 1
Introduction
The aim of this work was to perform a systematic investigation of the reactive ion beam
sputter deposition (IBSD) of TiO2. The basic idea behind IBSD is to bombard a target with
a beam of energetic ions. These ions lead to the development of collision cascades in the
target, which eventually result in the sputtering of target particles. These sputtered particles
are deposited on a substrate, where they form a thin film. The deposition conditions, and
consequently the properties of the deposited films, can be varied by a wide range of process
parameters, e.g. the ion species, ion energy, ion current density, ion incidence angle, target
material, emission angle etc. [1]. Reactive IBSD is a special case of IBSD, which is performed
in an atmosphere containing reactive species, such as O2 or N2, which form a compound with
the sputtered particles on the substrate [2].
Reactive IBSD is one of several physical vapor deposition (PVD) techniques that are
commonly used to produce high quality optical thin films like SiO2, Al2O3, and TiO2. Other
PVD methods are, e.g. evaporation and magnetron sputtering (MS). Evaporation allows for
higher deposition rates compared to MS or IBSD, but the kinetic energy of evaporated atoms
is usually much smaller due to their thermal emission, limiting their kinetic energy to values
below 1.0 eV. In addition, evaporation leads to a direct heating of the material, which may
lead to a contamination of the evaporant with the crucible. MS allows for higher deposition
rates compared to IBSD, however, IBSD can be performed at lower working pressure, since
the plasma is contained in the ion source [3].
The interdependencies between the process parameters and the properties of thin films
that are deposited by PVD are rather complex and vary for different materials and substrates
[4]. A common method to simplify these complex interdependencies is to propose a structure
zone diagram, which reduces the vast range of process parameters to only a couple of reference
parameters. A well-known example is the structure zone diagram by Thornton [5], wherein,
the homologous temperature and the pressure during the deposition are used as reference
parameters. The structure zone diagram by Anders [6] is an extended representation of
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Thornton’s approach and is designed especially for the deposition under bombardment with
large ion fluxes, e.g. in ionized physical vapor deposition (IPVD). It also considers the
potential and kinetic energy of the film-forming and assisting particles, and introduces a net
film thickness, which describes effects like densification, resputtering and etching. Anders’
structure zone diagram reveals that the kinetic energies of the film-forming and assisting
particles have a strong impact on the microstructure, leading to an increasing grain size
in polycrystalline films with increasing energy of the film-forming and assisting particles.
For the special case of the deposition of TiO2, Lo¨bl et al. have proposed a phase diagram,
which predicts the crystalline structure to change from amorphous to anatase to rutile with
increasing energy of the film-forming and assisting particles at room temperature [7].
When optical thin films like TiO2 are deposited by evaporation, their properties can
be improved by exposing the growing film to bombardment with energetic ions. Deposition
techniques that use assisting ions during film growth are in general referred to as ion assisted
deposition (IAD). More specifically, if a beam of energetic ions is directed at the growing
film, the technique is referred to as ion beam assisted deposition (IBAD). Moderate energies
and current densities of the assisting ions lead to a densification due to the filling of pores
and a downward packing of deposited material. A further increase of the energy and current
density of the assisting ions will have the opposite effect and decrease the packing density.
This effect is also known as degradation and is, according to the literature, related to the
preferential sputtering of oxygen in the case of TiO2 [8].
There are many studies concerned with single aspects of sputter deposition, e.g.:
• The development and characterization of ion sources [9, 10, 11].
• The oxidation of the surface of metallic targets during sputtering in an reactive atmo-
sphere [12, 13, 14].
• The influence of anisotropy in the development of the collision cascades and their
influence on the energy and angular distribution of sputtered particles [15, 16, 17].
• The simulation of sputtering [1, 18, 19].
• The influence of the process parameters, e.g. the oxygen partial pressure [20, 21], the
emission angle [22], the substrate temperature [23], and post-deposition annealing [24],
on the properties of oxides deposited by reactive IBSD.
Although used as a deposition technique for several decades and investigated extensively,
there is a lack of investigations on the influence of the sputtering geometry, i.e. ion incidence
and emission angle, on the properties of thin films deposited by reactive IBSD. The hidden
potential for the optimization of thin film properties was demonstrated recently in several
3studies concerned with the influence of the sputtering geometry on the properties of the
secondary particles and the corresponding influence on the film growth for the deposition of
Ge and Ag [25, 26, 27, 28, 29].
The aim of this work was to reveal the high potential of reactive IBSD for the optimization
of thin film properties by performing a systematic investigation of the reactive IBSD of
TiO2 and thereby to achieve a better understanding of the interdendencies between process
parameters, secondary particle properties, and thin film properties. Metallic Ti and ceramic
TiO2 were used as target material and bombarded with an ion beam of singly charged
Ar+ or Xe+ ions. TiO2 was chosen as a representative material system, because it consists
of only two elements, keeping the complexity of the investigated material system low. In
addition, TiO2 is extensively described in the literature and also has many technological
applications due to its high refractive index, high chemical stability, photocatalytic activity,
biocompatibility, etc. [30].
For a comprehensive understanding of the reactive IBSD process, the whole process was
divided into four separate parts:
1. The characterization of the ion beam concerning its composition, its energy distribu-
tion, and its current density distribution.
2. The investigation of the influence of the ion beam bombardment on the composition
of the target, especially on the state of oxidation of the Ti target.
3. The characterization of the properties of the particles that interact with the growing
film, i.e. the background gas and the secondary particles, i.e. the sputtered species
and the backscattered primary particles.
4. The investigation of the thin film properties.
The basic idea behind this approach is to identify the correlations between these four
parts in order to explain the influence of the process parameters on the properties of the
TiO2 films.
The second chapter of the thesis gives a detailed description of the theoretical concepts
used to describe the underlying processes of IBSD and summarizes important experimental
results in the field of sputtering. It begins with a general description of ion-solid interactions
and the effects resulting from these interactions, namely sputtering, backscattering, and
implantation. Different sputtering models and their range of validity are discussed. Since
the secondary ions created in the sputtering process are analyzed, one section treats the
ionization probability of sputtered particles. Monte Carlo (MC) simulations, which were
used in this work to model the sputtering from a Ti and a TiO2 target, are discussed. The
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theory chapter concludes with a short description of the different growth modes in thin film
deposition with special emphasis on IPVD.
The third chapter describes the experimental setup and the methods that were used to
characterize the ion beam, the secondary ions, and the TiO2 films. For the characterization
of the ion beam, a Faraday probe, a retarding potential analyzer (RPA), and an energy
selective mass spectrometer (ESMS) were used. The ESMS was also used to analyze the
secondary ions during the sputtering from the two targets. For the characterization of
the TiO2 films, spectroscopic ellipsometry (SE), X-ray diffraction (XRD), X-ray reflectivity
(XRR), Rutherford backscattering spectrometry (RBS), and atomic force microscopy (AFM)
were applied.
The fourth chapter of the thesis presents and discusses the results related to the four
separate parts that make up the deposition process, and reveals the correlations between
them.
Chapter five summarizes the main findings of this thesis and gives a short outlook.
Chapter 2
Theory
This chapter is dedicated to the theoretical description of the physical effects underlying the
processes that were investigated in this work. It starts with a detailed description of the
processes resulting from the interatomic forces that act on an ion while traversing a solid,
i.e. sputtering, scattering, and implantation. A strong focus is set on sputtering with special
emphasis on the influence of reactive species during the sputtering process. The simulation
of ion solid interactions with the binary collision approximation is discussed briefly. The
chapter ends with a summary of basic growth mechanisms.
2.1 Ion-solid interactions
For a detailed description of sputtering phenomena, a deeper understanding of the interaction
between an energetic ion and a solid is inevitable. When an energetic ion impinges on a solid,
it either penetrates the surface or gets backscattered. An ion that penetrates the surface
will perform collisions with the atoms of the solid and lose its kinetic energy. If the ion
gets trapped inside the solid, it is referred to as implanted. The kinetic energy of the ion
is transferred to the solid and may alter its crystal structure by displacing single atoms.
The atoms that are displaced by a direct collision with the ion are referred to as primary
knock-on atoms (PKAs). Their energy can be high enough so that they again displace other
atoms. This way collision cascades develop inside the solid. The atoms of such a cascade
are referred to as secondary knock-on atoms (SKAs). In general PKAs and SKAs are also
called recoils. Atoms close to the surface may receive sufficient energy so that they overcome
the surface binding potential of the solid and are emitted. This process is referred to as
sputtering. The mentioned processes, i.e. sputtering, backscattering, and implantation, are
the result of the collisions between the impinging ion and the atoms of the solid.
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2.1.1 Screened Coulomb potential
The interaction during a collision between two charged particles is usually described by the
well-known Coulomb potential, which is in the following presented in Gaussian units:
VC =
q1 · q2 · e2
r
(2.1)
q1 is the charge of the first particle and q2 is the charge of the second particle. The elementary
charge is denoted with e and r is the distance between the two charged particles. A common
method for the description of the interaction potential between two atoms is to use a screened
Coulomb potential [31]:
V =
Z1 · Z2 · e2
r
· χ(r) (2.2)
Z1 is the atomic number of the first atom, Z2 is the atomic number of the second atom and
χ(r) is the applied screening function. Over the years several screening functions have been
proposed, which usually differ in the underlying model of the charge distribution inside an
atom. Established models are e.g.:
• The Molie`re potential [32] based on the Thomas-Fermi model [33].
• The Ziegler-Biersack-Littmark (ZBL) potential [34] based on the Hartree-Fock Slater
(HFS) approximation [35].
• The Wilson-Haggmark-Biersack (WHB) potential [36] also based on the Hartree-Fock
Slater (HFS) approximation [35].
Useful quantities for the theoretical description of ion-solid interactions are the differen-
tial scattering cross section dσ (γ) /dΩ and the differential energy transfer cross section
dσ (Eion) /dE. The first term describes the ion’s probability of being scattered into the
solid angle dΩ, which is defined by the scattering angle (relative to its initial direction of
flight) between γ and γ + dγ, and the second term describes the probability of an ion with
an energy Eion transferring energy in the range between E and E + dE to a resting atom
[31].
2.1.2 Energy loss rate and stopping cross section
The energy loss of an ion along its path through the solid is usually described by two parts.
The first is the energy loss caused by the interaction of the ion with atomic nuclei, called
the nuclear or elastic stopping. The second is the energy loss caused by the interaction with
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bound electrons, called the electronic or inelastic stopping [31]. The energy loss rate along
the path x of an ion traversing the solid can be described as [31]:
dE
dx
=
dE
dx
∣∣∣
n
+
dE
dx
∣∣∣
e
(2.3)
The subscripts n and e refer to nuclear and electronic stopping, respectively. The stopping
is usually described by the stopping cross section [31]:
S =
dE
dx
N
=
dE
dx
∣∣∣
n
N
+
dE
dx
∣∣∣
e
N
= Sn + Se (2.4)
N is the atomic density of the target atoms. Nuclear stopping can be described as the result
of elastic collisions between the ion and atomic nuclei of the solid. Such collisions lead to a
change of the ion’s direction of flight and its energy. The electronic loss rather causes the
ion to slow down than to change its direction of flight.
2.1.3 Sputtering
When single atoms or clusters are emitted from a solid (or liquid) due to the bombardment
with energetic particles, they are referred to as sputtered [1]. Based on the underlying
process, physical sputtering is divided into three different regimes:
• Single knock-on regime: The energy of the impinging particle is sufficient to eject a
surface atom, but not sufficient to initiate a collision cascade. The single knock-on
regime typically applies for light and/or low energetic projectiles.
• Linear cascade regime: The generated recoils will create collision cascades, but colli-
sions between recoils of two different cascades are rare events, i.e. the collision cascades
can be regarded as independent of each other.
• Spike regime: The energy and collision cross section of the projectile are large enough
to create several collision cascades in close vicinity to each other so that interactions
between moving recoils are frequent. The spike regime occurs for heavy projectiles like
heavy ions or clusters.
The transition between the different regimes is fluent and occurs with increasing ion energy
and collision cross section from the single knock-on to the linear cascade to the spike regime
[1]. In this work, a Ti and a TiO2 target were bombarded with Ar
+ and Xe+ ions, with
an ion energy between 0.5 keV and 1.5 keV. These sputtering conditions are typical for the
linear cascade regime, although directly backscattered primary particles were also observed.
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A fundamental quantity for any application of physical sputtering is the efficiency of
the sputtering process or the so called sputtering yield Y . The sputtering yield is defined
as the average amount of sputtered particles per incident particle. The sputtering yield is
usually smallest in the single knock-on and highest in the spike regime [1]. A target atom
that is sputtered by a single collision can receive a kinetic energy of the order of the kinetic
energy of the impinging particle, whereas a target atom that is sputtered as the nth recoil
in a collision cascade, usually only receives a small fraction of the initial kinetic energy of
the impinging particle. Particles that are emitted from thermal spikes usually have a kinetic
energy below 0.5 eV, which can be related to a local temperature of the corresponding high
energy density zone [37].
Reactive sputtering
When a metallic target is sputtered in an inert atmosphere, the sputtered metal atoms will
reach the substrate without performing a chemical reaction. If the atmosphere contains
reactive gases, the metal atoms can form compound molecules with the reactive gas while
traversing the reactive atmosphere or after they are deposited. In this case, the deposition
process is referred to as reactive sputtering [2].
The reactive sputter deposition allows for the deposition of a compound of the target
material and the reactive species. The reactive species do not only lead to a compound
formation with the target atoms after their emission but can also lead to the formation of
a compound layer on the target. A titanium target in an oxidizing atmosphere will form a
surface layer of titanium oxide. As the surface binding energy of TiO2 is higher than the
surface binding energy of pure Ti, the oxidation of the target leads to a reduction of the
sputtering yield [12, 14, 38].
The coverage of the target with the compound layer during a reactive sputtering process
is determined by the equilibrium between sputter erosion of the compound and compound
formation. If the supply of the reactive species is mass-flow controlled, a typical hysteresis
effect is observed in the partial pressure of the reactive species, and consequently also in the
compound coverage and erosion rate. One possibility to overcome the hysteresis effect is to
use a mass-flow controller in combination with a feedback loop to the partial pressure of the
reactive species [14].
Berg et al. have proposed a model that describes the correlation between the sputtering
parameters and the compound formation of the target and substrate. It is also capable of
describing the hysteresis effect. In the following, this model will be explained for the case of
Ar ion bombardment of a Ti target in a sputtering atmosphere containing oxygen.
The model assumes a steady-state condition for the compound coverage of the target,
i.e. the erosion rate of the compound layer is equal to its growth rate. The compound is
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defined as a single monolayer of the formed compound molecule (TiO2). As a direct result
of these assumptions the steady-state equation for the surface fraction of the compound Θt
is given by [13]:
j
e
· Yc ·Θt = A · F · (1−Θt) (2.5)
The left term in Eq. 2.5 describes the removal of the compound layer, j is the current
density of the impinging Ar ions, e is the elementary charge and Yc is the sputtering yield
of the compound molecule. The term on the right side of Eq. 2.5 describes the growth of
the compound layer, A is the sticking coefficient, F is the striking rate of the impinging O2
molecules and (1−Θt) is the compound-free surface fraction of the target. From Eq. 2.5 it
is possible to calculate the surface fraction of the compound on the target:
Θt =
A · F
j
e
· Yc + A · F
(2.6)
The striking rate F can be calculated from the partial pressure of the oxygen p, assuming a
thermodynamic equilibrium, [13]:
F =
p√
2 · kB · T · pi ·mr
(2.7)
kB is the Boltzmann constant, T is the temperature and mr is the mass of the reactive gas
molecule (O2). When the consumption of the reactive species by the reaction at the target,
at the substrate and due to the drain by the vacuum pump is also taken into account, the
model by Berg et al. describes how the process parameters influence the hysteresis effect.
2.1.4 Direct scattering and direct sputtering
When an energetic ion impinges on a solid and is backscattered by a single collision with a
target atom, it is referred to as directly backscattered. The equivalent process for a surface
atom is the ejection from the surface by a single collision, i.e. direct sputtering. A simple
approach towards the description of these two effects is to apply the conservation of energy
and momentum in an elastic binary collision between an impinging ion and a resting surface
atom. For a particle 1 with mass M1 and kinetic energy E10, colliding with a resting particle
2 with mass M2, the conservation of energy and momentum yields [39]:
E11 = E10 ·
(
M1 · cos(γ1)±
√
M2
2 −M12 · sin2(γ1)
M1 +M2
)2
(2.8)
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and
E21 = E10 · 4 ·M1 ·M2
(M1 +M2)
2 · cos2(γ2) (2.9)
E11 is the energy of the impinging and E21 the energy of the resting particle after the collision.
γ1 is the scattering angle of particle 1 and γ2 is the scattering angle of particle 2 relative to
the initial direction of particle 1.
For the interpretation of Eq. 2.8 and Eq. 2.9, several limitations need to be considered.
If M1 < M2 only the plus sign in Eq. 2.8 is valid [39]. In the case of M1 > M2 there are
two real solutions to Eq. 2.8, with the limitation of a maximum scattering angle γ1,max for
particle 1 described by [39]:
γ1,max = arcsin
(
M2
M1
)
(2.10)
In Eq. 2.9 the scattering angle γ2 is limited to a maximum of 90
◦. Other meaningful
parameters that can be derived from Eq. 2.8 and Eq. 2.9 are the maximum transferable
energy µ and the kinematic factor k [39]:
µ = E21(γ2 = 0) = E10 · 4 ·M1 ·M2
(M1 +M2)
2 (2.11)
k =
E11
E10
(2.12)
When a surface is bombarded with energetic ions under an incidence angle α and one of the
collision partners is ejected under the emission angle β1,2, the scattering angle γ1,2 is related
to α and β1,2 by:
γ1,2 = 180
◦ − (α + β1,2) (2.13)
This relation holds for both collision partners and is depicted for a surface particle directly
sputtered with an scattering angle γ2 in Figure 2.1.
The major drawback of this simple model is, that it does not take the binding energies
of the target atoms and the energy loss due to the electronic stopping into account. The
minimum energy required to remove an atom from a surface is called the surface binding
energy Esb and is usually set equal to the heat of sublimation ∆H
s of the target material
[1]. In the case of an atomically flat surface, the surface potential is often considered to be
planar. Therefore, a surface atom can only be ejected from the surface if the kinetic energy
assigned to its momentum perpendicular to the surface is larger than the surface binding
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M1
M2
α
γ2
β
Figure 2.1: Direct sputtering of a surface particle of Mass M2 under emission angle β, with
corresponding scattering angle γ2, for a given incidence angle α of an impinging particle with
mass M1.
energy. Applying Eq. 2.9 and Eq. 2.13 and reducing the energy of particle 2 assigned to
the momentum along the surface normal by Esb, allows to calculate the energy E
∗
21 of the
sputtered particle 2 after its ejection [15]:
E∗21 = E‖ + E⊥ = µ · cos2(α + β)− Esb (2.14)
E‖ and E⊥ denote the part of the kinetic energy assigned to the momentum parallel and
perpendicular to the surface plane after the emission. For a given combination of α, β, and
Esb, the sputtered particle is ejected under an increased emission angle β
∗:
sin2(β∗) =
E‖
E∗21
=
µ · cos2(α + β) · sin2(β)
µ · cos2(α + β)− Esb (2.15)
Eq. 2.15 satisfies the conservation of momentum and energy, for non-relativistic treatment,
and allows to combine the simple model of a binary collision with the effect of a planar
surface potential.
Figure 2.2 shows the relative energy E/Eion of directly sputtered and backscattered
particles for an ion energy of 1.0 keV and an incidence angle of 60◦. The energies after
the collision are calculated for an Ar/Ar and Ar/Ti collision according to Eq. 2.8, Eq.
2.9, Eq. 2.14, and Eq. 2.15. In the case of an Ar/Ar collision, Eq. 2.8 and Eq. 2.9
become identical. For the backscattered Ar particles, the surface binding energy is assumed
to be zero. Panel a) of Figure 2.2 shows, that the backscattering of Ar by a Ti particle
leads to a higher energy E11 for emission angles β < 74
◦ compared to the backscattering
of Ar by Ar. From panel b) it becomes clear, that the difference between β and β∗ is
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Figure 2.2: Calculated relative energy E/Eion for a binary collision between an impinging
Ar particle with an ion energy of 1.0 keV and an incidence angle of 60◦ and a resting target
particle. The energy of the collision partners after the collision is plotted over the emission
angle β or β∗. Panel a) shows the energy of a directly backscattered Ar particle after a
collision with a Ti particle or with an Ar particle according to Eq. 2.8. Panel b) shows the
energy of a directly sputtered Ti particle according to Eq. 2.14 and Eq. 2.15 with a Esb of
0 eV, 5 eV, and 10 eV.
largest for small energies E21 and large emission angles β. As a result of this deflection
of the sputtered Ti particle towards the surface, the minimum emission angle β∗ is higher
compared to β and two possible energies exist for a given emission angle β∗. These two
energies can be related to a collision with a small impact parameter and a collision with a
larger impact parameter, the latter resulting in a smaller energy E21 [15]. The probability
of these two sputtering processes is directly related to the scattering cross section of the
impinging particle. In the case of a Coulomb potential, the differential scattering cross
section of particle 1 (dσ/dΩ) increases with decreasing scattering angle γ1, i.e. increasing
impact parameter. Consequently, the differential scattering cross section of the directly
sputtered particle 2 increases with increasing scattering angle γ2, i.e. increasing impact
parameter [40]. Applied to the two possible energies of a directly sputtered particle, this
leads to the conclusion that the collision with a larger impact parameter and therefore smaller
energy of particle 2 is more likely than the high-energetic one [15].
2.1.5 Implantation
In IBSD, noble gases like Ar and Xe are often used as bombarding ions, because of their
low reactivity. For the trapping of implanted noble gases, chemical reactions are usually
disregarded [41], although chemical bonds involving noble gases are basically possible [42].
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Figure 2.3: Number of trapped atoms per unit area plotted over the number of incident ions
per unit area for the bombardment of a polycrystalline W target with Ar ions with an ion
energy between 0.1 keV and 4 keV, reproduced from [43].
The probability of a noble gas ion getting trapped inside a solid is called the trapping
efficiency η. It depends on the ion energy, the ion fluence, the target temperature, and
the combination of ion species and target material. Increasing the ion energy leads to an
increase of η and also increases the maximum number of ions that can be trapped inside a
solid. The reason for this behavior lies on the one hand in the increased penetration depth,
and on the other hand in the increasing amount of generated defects in the solid, which
play a crucial role in the trapping process. Increasing the target temperature decreases the
trapping efficiency due to the enhanced diffusivity [41, 43].
Metals and metallic oxides show trapping efficiencies for noble gas ions of the order of
0.1 for ion energies of 100 eV and less. The trapping efficiency increases with increasing ion
energy and reaches unity for ion energies of about 1 keV. Although the trapping efficiency
varies considerably with the choice of the target material, smaller noble gas ions are more
likely to be trapped in metals than heavier ones for ion energies below 1 keV [41, 43]. The
trapping efficiency decreases at some point with increasing fluence, as saturation effects
start to play a role. The excess noble gas atoms are most likely to diffuse towards the
surface, where they are desorbed. This saturation effect is clearly visible in Figure 2.3 for the
bombardment of a polycrystalline W target with Ar ions with ion energies between 0.1 keV
and 4 keV. During the bombardment of a target with noble gas atoms, the combination of
saturation, diffusion and sputtering will define the composition of the target.
14 CHAPTER 2. THEORY
2.2 Sputtering models
Fundamental work in the theoretical description of the sputtering yield in the linear cascade
regime was done by Sigmund in the 1960s [44]. Sigmund used the Boltzmann transport
equation to describe the development of collision cascades in a random target, which lead to
the sputtering of single target atoms. The assumption of a random target structure is used
to describe the sputtering of amorphous or polycrystalline targets. For normal incidence of
heavy and medium-mass ions with energies above 1 keV, Sigmund’s considerations lead to
[44]:
Y (Eion) = 0.042 A˚
2 · ηM · Sn(Eion)
Esb
(2.16)
Sn(Eion) is the nuclear stopping and Esb the surface binding energy. The factor ηM depends
on the ratio of mass M1 to M2 and the applied interaction potential. The sputtering yield is
known to increase with increasing incidence angle until it reaches a maximum and falls off
towards zero for an incidence angle of 90◦ relative to the surface normal [45]. Many efforts
have been made to give a more detailed description of the sputtering process and to provide a
more accurate prediction of the sputtering yield by using computer simulations based on the
binary collision approximation, see Refs. [1, 46, 47]. Eckstein et al. used simulation results
(TRIM.SP) for the sputtering yield for a wide range of ion energies and projectile-target
combinations to derive a formula for the threshold energy of sputtering for normal incident
ions [48]:
Eth = Esb · (M1 +M2)
2
4 ·M1 ·M2 ·
((
0.3198 · M2
M1
)−0.5279
+ 1
)
(2.17)
For the case of Ar (40 amu) and Xe (132 amu) bombardment of Ti (48 amu) with a surface
binding energy of 5 eV, Eq. 2.17 yields threshold energies of 13 eV and 26 eV, respectively.
According to Eckstein et al. [48] the threshold energy for sputtering increases slightly with
increasing incidence angle for M1 < M2 and decreases for M1 > M2 with a minimum around
50◦.
2.2.1 Angular and energy distribution of sputtered particles
An analytical description of the angular and energy distribution of the sputtered particles
was derived by Thompson [49]:
Φ(E, β)dEdΩ ∝ cos(β) · E
(E + Esb)
3−2p (2.18)
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The cosine-like behavior of the angular distribution is caused by the assumption of an
isotropic distribution of the collision cascades inside the target. The surface binding en-
ergy Esb is here used as the height of a planar surface potential. The factor p is related to
the power of the applied interaction potential [49]:
V (r) ∝
(
1
r
) 1
p
−1
(2.19)
In the case of a hard potential (p→ 0) Eq. 2.18 turns into:
Φ(E, β)dEdΩ ∝ cos(β) · E
(E + Esb)
3 (2.20)
This is the well-known Thompson formula as already proposed and experimentally confirmed
by Thompson in 1968 [50]. It predicts a low energy maximum at an energy of E = Esb/2 and
a decrease proportional to E−2 for energies E  Esb. Thompson assumes an amorphous
target and the majority of the impinging particles to pass through the surface layer only
once, i.e. surface atoms ejected by backscattered primary particles are rare events. The
second assumption holds especially for normal incidence, Eion > 1.0 keV, and M1  M2.
Eq. 2.18 is often used to fit experimentally determined energy distributions with Esb and p
as fitting parameters. It has proven to be appropriate, e.g. for the bombardment of Al [51],
Cu [52], Ge [53], and Ag [54] with Ar ions of several keV ion energy.
Decreasing the ion energy and increasing the incidence angle leads to a deposition of the
energy of the impinging particles closer to the surface. As a direct result, the mean number
of collisions prior to the emission of a target atom will be reduced. These incompletely de-
veloped collision cascades no longer justify the assumption of an isotropic recoil distribution
inside the target. Therefore, decreasing the ion energy and increasing the incidence angle
leads to deviations from the Thompson-like behavior of the energy and angular distribution
of sputtered particles, also known as anisotropy effects [15]. Deviations from the energy
dependence according to Eq. 2.20 where reported for oblique incidence bombardment of,
e.g. Ar+ on W and Ti with 0.3 keV and 0.5 keV, respectively [15], Ar+ and Xe+ on Al with
0.5 keV [55], and Ar+ on Nb, Cu, and V with 0.6 keV to 2.0 keV [56]. Deviations from the
cosine-like behavior of the angular distribution according to Eq. 2.20 where reported for
oblique incidence bombardment of, e.g. Hg+ on Mo and Ni with 0.25 keV [57], Cs+ on Cu
and Si with 2 keV [58], and Ar+ on Si with 3 keV and 10 keV [59].
An analytical approach towards these anisotropy effects was proposed by Sckerl et al., by
regarding the momentum distribution in collision cascades [60]. They came to the conclusion,
that the momentum distribution should be described by a term of momentum diffusion and
a term of momentum conservation. Further considerations about particle fluxes in bounded
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Figure 2.4: Energy distribution of sputtered particles according to the Thompson formula
(Eq. 2.20) compared to energy distributions according to Eq. 2.21 for several emission
angles. The surface binding energy was set to 5 eV for all curves. For Eq. 2.21 λx and λy
were set to 0.03 and 0.25, respectively.
media by Glazov [61] lead to a more complex analytical solution for the sputtered particle
flux, which is omitted here. From these considerations Goehlich et al. derived a simplified
expression for the angular dependency of the energy distribution of sputtered particles [15]:
Φ(E, β)dEdΩ ∝ E
(E + Esb)
3 ·
(
1 + λx ·
√
E · cos2(β) + Esb + λy · sin(β) ·
√
E
)
(2.21)
The factors λx and λy are used as fitting parameters in the case of oblique incidence. For
normal incidence, λy is set to zero. For the bombardment of a Ti target with Ar ions of an ion
energy of 0.5 keV and an incidence angle of 50◦, Goehlich et al. report the fitting parameters
λx and λy to be 0.03 and 0.25, respectively [15]. Energy distributions according to Eq. 2.21
are plotted in Figure 2.4 for several emission angles. From Figure 2.4 it becomes clear, that
the anisotropy effects lead to a broadening, compared to the Thompson distribution, for an
increasing emission angle in forward direction, whereas emission in backward direction leads
to a narrowing of the energy distribution. In addition to the broadening and narrowing, also
the peak position shifts slightly to higher and lower energies, respectively.
Roosendaal and Sanders used a few-collision approach to calculate the energy and angu-
lar distribution of sputtered particles [16]. They report, that anisotropy effects are enhanced
with increasing incidence angle and emission angle, and more pronounced for an increasing
ratio between the mass of the projectile and target particles for
M1
M2
> 1. They also state,
that anisotropy effects vanish with increasing energy of the impinging particle. The influ-
ence of anisotropy effects on the energy and angular distribution of sputtered particles was
2.2. SPUTTERING MODELS 17
also investigated by Vicanek and Urbassek with a numerical solution scheme of the linear
Boltzmann equation [62]. They revealed that deviations from the cosine-like behavior of
the angular distribution are more pronounced for particles that are sputtered with higher
emission energies.
Stepanova and Dew derived a simple criterion that predicts under which conditions
anisotropy effects become negligible. The initial momentum of the impinging ion of mass
M1 and energy Eion is:
p1 =
√
2 ·M1 · Eion (2.22)
The average initial momentum transferred to each recoil is given by:
pd =
p1
Nr
(2.23)
Where Nr is the total number of recoils. These Nr recoils divide the ion energy Eion among
each other and therefore receive an average kinetic energy of:
Er =
Eion
Nr
(2.24)
Consequently, each recoil has an average momentum:
pr =
√
2 ·M2 · Er =
√
2 ·M2 · Eion
Nr
(2.25)
The average momentum pr is in general larger than pd since the recoils are not restricted to
the initial direction of flight of the ion. Stepanova and Dew propose to use the ratio between
pd and pr as a measure of isotropy, i.e. the recoils are well thermalized if pr is at least one
order of magnitude larger than pd [17]:
pd
pr
=
√
M1
M2
· Er
Eion
≤ 0.1 (2.26)
In terms of sputtering parameters, this criterion transforms into [17]:
pd
pr
=
√
m1
m2
· Eˆ + Esb
Eion
≤ 0.1 (2.27)
The parameter Eˆ is the mean energy of the sputtered target particles and consequently the
term Eˆ+Esb represents the mean energy of the recoils inside the target Er. The mean energy
of the sputtered particles can be estimated from the Thompson formula (Eq. 2.20). For a
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surface binding energy of 5 eV the energy range from 0 eV to 200 eV of Eq. 2.20 contains
95% of the sputtered target particles. For the bombardment of Ti (47.87 amu) with Ar ions
(39.95 amu), a mean energy of the sputtered particles of Eˆ = 23.8 eV, and a surface binding
energy of Esb = 5 eV, the criterion by Stepanova and Dew leads to a minimum ion energy
of 2.4 keV for the recoils to be considered thermalized, i.e. anisotropy effects to become
negligible. For bombardment with Xe ions (131.29 amu) the corresponding minimum energy
is 7.9 keV.
2.2.2 Ionization probability of sputtered particles
The particles that are sputtered in an ionized state usually only make up a few percent, or
even less. For the exemplary case of 9 keV Ar ion bombardment of a Ti target, Barth et al.
report less than 4% of the sputtered Ti particles to be ionized [63]. The overall ionization
probability is determined by the interplay of several ionization and neutralization effects.
Some of these effects are depicted in Figure 2.5 for an atom/ion in close vicinity (< 1 nm)
to a metal. The transitions in Figure 2.5 labelled as 3 and 4 are referred to as resonant
ionization and neutralization, because electrons are tunneling between energy levels of the
same height between the metal and the atom/ion. The energy that is released in transition
1 and 5 can cause the emittance of electrons from the metal or the atom/ion, depicted as
transitions 2 and 6, respectively. Transition 1 is called Auger neutralization, while transitions
2 and 6 are referred to as Auger de-excitation [64]. From Figure 2.5 it becomes clear, that the
probabilities of the neutralization and ionization transitions are strongly influenced by the
energetic position and density of states of the energy levels of the surface and the ion/atom.
Therefore, the surface topography, impurities, and changes in the target composition are
crucial factors [64].
Despite its complexity the probability of a sputtered particle to be emitted as a positively
charged ion is usually described by a rather simple expression [65]:
α+ ∝ Fion · exp
(−v0
v⊥
)
(2.28)
v⊥ is the velocity of the particle perpendicular to the surface. The pre-factor Fion and the
parameter v0 describe the influence of the ionization processes and are often used as fitting
parameters. According to Eq. 2.28, the probability of a sputtered particle to be ionized
increases with increasing velocity perpendicular to the surface. Therefore, the ionization
probability does not only depend on the energy, but also on the direction of flight of a
sputtered particle. Wucher reports typical values for Fion to be around 0.5 and for v0 to
range from 2 · 104 m/s to 3 · 104 m/s [65]. For the Ar ion bombardment of a Ti target,
Barth et al. report typical values of v0 for singly charged positive Ti ions to range from
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Figure 2.5: Sketch of possible processes that can lead to the neutralization, ionization, and
(de-)excitation of an atom/ion in the vicinity of a metal. The transitions labeled as 1 to 6
are described in the text. Reproduced from [64].
9.5 · 104 m/s to 24 · 104 m/s [63]. For slow ions the ionization probability usually converges
to a value between 10−2 and 10−4, as can be seen in Figure 2.6.
According to Wucher, this asymptotic value for slow ions can be related to a local exci-
tation of the electronic system caused by the bombarding primary ions. This effect can be
taken into account by adding a constant B to Eq. 2.28, which can also be used as a fitting
parameter. Adding B to Eq. 2.28 and relating the velocity v⊥ to the kinetic energy E and
the emission angle β of the emitted ion leads to:
α+ = Fion · exp
 −v0√2 · E
M
· cos(β)
+B (2.29)
M is the mass of the emitted particle. The influence of the ionization probability on the
energy distribution of the sputtered particles is demonstrated in Figure 2.7 for a Thompson
distribution according to Eq. 2.20 with an Esb of 5 eV. The Thompson distribution is
multiplied with the ionization probability according to Eq. 2.29, and normalized, in order
to show the expected energy distribution for the ions. The pre-factor Fion is set to 0.5 and
the constant B is set to 10−3. In panel a) of Figure 2.7 the factor v0 is set to 24 · 104 m/s
as reported by Barth et. al for sputtered Ti ions [63] and in panel b) of Figure 2.7 v0 is set
to 2 · 104 m/s as reported by Wucher as a typical value for sputtering in general [65]. On
both sides, the influence of the ionization probability is shown for emission angles of 0◦, 30◦,
and 60◦. In panel a) of Figure 2.7 the influence of the ionization probability on the shape of
the energy distribution is marginal in the considered energy range below 500 eV. Panel b)
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Figure 2.6: Ionization probabilities of singly charged positive metal ions sputtered from a
clean Al, Ni, Cu, Ta, and In surface, plotted over the inverse ion velocity, reproduced from
[65].
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Figure 2.7: Influence of the ionization probability according to Eq. 2.29 on a Thompson like
energy distribution (Eq. 2.20) with a surface binding energy of Esb = 5 eV for an emission
angle β of 0◦, 30◦, and 60◦. The pre-factor Fion is set to 0.5 and the constant B is set to 10−3
for panels a) and b). In panel a) the factor v0 is set to 24 · 104 m/s as reported by Barth et.
al for sputtered Ti ions [63] and in panel b) v0 is set to 2 · 104 m/s as reported by Wucher as
a typical value for sputtering [65].
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Figure 2.8: Influence of the oxygen surface concentration c0 in the range from 0.006 to 0.78,
determined by Auger electron spectroscopy, on the ionization probability of singly charged
Ta ions sputtered from a Ta target in an oxydizing atmosphere, reproduced from [65].
however shows rather strong deviations compared to the energy distribution of the neutral
species, especially for energies > 50 eV.
The oxidation of a metallic surface also has a strong influence on the ionization probability
of sputtered particles. Figure 2.8 shows the ionization probability of singly charged positive
Ta+ ions in relation to the oxygen concentration c0 of the Ta target. From Figure 2.8 it
becomes clear that the oxidation of the Ta target primarily leads to a shift of the ionization
probability curve to higher values with only a marginal influence on the overall shape. The
observed effect is referred to as the oxygen matrix effect [65].
2.3 Simulation of ion-solid interactions
Simulations of ion-solid interactions performed in this work, make use of the well-established
binary collision approximation (BCA). BCA simulations are based on the simplifying as-
sumption, that the interaction between an energetic ion and target atoms can be approxi-
mated by a series of binary collisions. Regarding the definition of the target structure, there
are two fundamentally different approaches:
• A randomized target structure with a randomized impact parameter and azimuthal
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scattering angle for each collision, referred to as a BCA Monte Carlo (MC) code.
• A fixed target structure, also known as a lattice program.
While MC codes take less computation time, they do not take the crystal structure and
corresponding effects, like channeling [66], into account.
Another approach towards the simulation of ion-solid interactions is to perform a simulta-
neous simulation of the dynamics of all atoms and the acting forces between close neighbors
in a confined simulation box. Such simulations are referred to as Molecular Dynamics (MD)
simulations [19]. MD simulations allow the modelling of a manifold of different effects like
chemical reactions or many-body collisions. The latter start to play an important role in
ion-solid interactions for small particle energies below 30 eV, but MD simulations require
considerably longer computation times and are restricted in the choice of time scale and
spatial confinements of the simulation box [1, 19].
2.3.1 Monte Carlo simulations
Over the years, several BCA codes have been developed. The simulation codes MARLOWE
[67] and TRIM [68] are prominent examples of a lattice and a Monte Carlo program, re-
spectively. TRIM (Transport of Ions in Matter) is the basis for several further developments
that were designed in order to meet the requirements for a deeper understanding of specific
aspects of ion-solid interactions. TRIM.SP, TRIDYN, and SRIM are three examples:
• TRIM.SP (TRIM Sputtering Program) is one of the first derivatives of TRIM. While
TRIM only follows the trajectory of the primary ion, TRIM.SP also calculates the
trajectories of all target atoms that are set into motion (PKAs and SKAs). All moving
particles are followed until they leave the target or their kinetic energy falls below a
predetermined cutoff energy. This approach allows for a better description of sputtering
compared to TRIM [69].
• TRIDYN (DYNamic TRIM.SP) is the dynamic version of TRIM.SP and was designed
to describe the dynamic composition changes of the target during the sputtering process
[70].
• SRIM (Stopping and Range of Ions in Matter) is optimized for the simulation of the
stopping process of ions in matter [71]. Therefore, it is often used to determine im-
plantation profiles.
SDTrimSP (Static and Dynamic TRIM.SP for Sequential and Parallel computing) is a
combination of TRIM.SP and TRIDYN [72] and was used in this work to simulate sputtering
from a Ti and a TiO2 target with Ar and Xe.
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A series of different interaction potentials is implemented in SDTrimSP, e.g. the before
mentioned ZBL, Molie`re, and the Kr-C potential (see Section 2.1.1). For the inelastic energy
loss, it allows for the use of the Lindhard-Scharff (LS) model, the Oen-Robinson (OR) model,
an equipartition of both these models or to make use of an internal table related to the energy
loss of high-energetic H (E > 25 keV) and He (E > 100 keV) ions.
For each simulated collision SDTrimSP determines the asymptotic trajectories of both
collision partners. The impact parameter s is individually selected for each collision by a
random number generator [18]:
s = smax ·Rnumber (2.30)
smax is the maximum impact parameter and Rnumber is a random number with 0 ≤ R ≤ 1.
The polar scattering angle of both particles is determined from the asymptotic trajectories,
while the azimuthal scattering angle is randomized. After each collision, both collision
partners travel a fixed distance along their altered direction of flight, before they collide
with another resting target atom. This fixed distance is defined by the mean free path λ0
[18]:
λ0 = N
−1
3 (2.31)
N is the atomic density of the target. The mean free path is also used to define the maximum
impact parameter smax by setting it equal to the radius of a cylinder of length λ0 and volume
N−1, resulting in [18]:
smax = pi
−1
2 ·N−13 ≈ 0.5642 ·N−13 (2.32)
The surface binding energy Esb in SDTrimSP simulations is treated as a planar surface
potential as already described in detail in Section 2.1.4. If the kinetic energy of the target
particle is not sufficient to overcome the surface potential, the particle is trapped at the
targets surface [18].
For the sputtering with noble gas ions, the diffusion and re-emission of implanted ions
play a crucial role because of the saturation of the trapping sites and low binding energies of
the noble gas atoms. TRIDYN allows for the consideration of diffusion of noble gas atoms
towards the surface during the ion bombardment. It makes use of Fick’s first law for the
particle current density jdiff diffusing towards the surface [72]:
jdiff (x) = Ddiff · ∂Nnoble
∂x
(2.33)
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Nnoble is the atomic density of the noble gas atoms and x is the depth. The diffusion constant
Ddiff is given by [72]:
Ddiff = Ddiff,0 ·Ddiff,1(qA, x, Eion) (2.34)
Ddiff,0 is a constant depending on the combination of ion species and material and the
variable Ddiff,1(qA, x, E) is a correctional factor taking the relative damage dam(Eion, x) in
the target and the atomic fraction qA into account in dependence of the depth x and the
energy of the impinging ions Eion [72]:
Ddiff,1(qA, x, Eion) = dam(Eion, x) ·
(
1− e−qA(x)) (2.35)
According to the handbook of version 5.00 of SDTrimSP, reasonable values of Ddiff,0 for Ar
and Xe in Si are Ddiff,0(Ar) = 1.9 · 105 A˚4/ion and Ddiff,0(Xe) = 2.8 · 106 A˚4/ion [72].
2.3.2 Interaction potentials and stopping cross sections
All Monte Carlo simulations presented in this work were performed using the WHB poten-
tial. The WHB potential is also known as the krypton-carbon (Kr-C) potential, because
the screening function for the interaction between krypton and carbon can be used as a
representative potential to describe the interaction of ions with matter over a wide range of
ion-target combinations [36]. The Kr-C potential is defined by [36]:
χ(r) = 0.191 · e−0.279 raF + 0.474 · e−0.637 raF + 0.335 · e−1.919 raF (2.36)
The factor aF is a screening length as proposed by Firsov [73]:
aF =
0.8853 · a0(
Z
1/2
1 + Z
1/2
2
) 2
3
(2.37)
The screening length is proportional to the Bohr radius [74]:
a0 =
~2
me · e2 = 0.05292 nm = 0.05292 · 10
−7cm (2.38)
~ is the Planck constant and me is the electron mass. Based on the Kr-C potential the
nuclear stopping cross section is given by [36]:
Sn(ε) =
0.59818 · ln(2.1829 · ε)
2.1829 · ε− (2.1829 · ε)−0.68937 (2.39)
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The variable ε is the reduced energy, which is defined as the ratio between the screening
length aF and the distance of closest approach dc during a head-on collision, which is defined
by [36]:
ε =
aF
dc
=
M2
M1 +M2
· aF
Z1 · Z2 · e2 · E (2.40)
M1 is the mass of the ion and M2 the mass of a target atom. The influence of the electronic
stopping and the choice of an appropriate model strongly depend on the ion velocity. The
validity range of the different models is usually related to the Bohr velocity [74]:
v0 =
~
me · a0 = 2.188 · 10
8 cm/s (2.41)
An Ar ion with a velocity of e.g. 2.2 · 108 cm/s has a kinetic energy of about 1 MeV, while
1 keV refers to a velocity of 7.1 · 106 cm/s.
The Lindhard-Scharff [75] and the Oen-Robinson [76] model are well approved for ion
velocities smaller than v0. All Monte Carlo simulations presented in this work were performed
using an equipartition of the LS and the OR potential. For ion velocities bigger than v0 the
electronic stopping can be described by the Bethe formula [77]. The model by Lindhard
and Scharff proposes a constant energy loss proportional to the ion velocity, leading to a
friction-like behavior of the electronic stopping cross section [75]:
Se =
8 · pi · e2 · a0 · Z7/61 · Z2
v0 ·
(
Z
2/3
1 + Z
2/3
2
)3/2 · v =
√
2 · 8 · pi · e2 · a0 · Z7/61 · Z2
√
M2 · v0 ·
(
Z
2/3
1 + Z
2/3
2
)3/2 · √E = KL · √E (2.42)
The model by Oen and Robinson describes the electronic energy loss as a local effect during
the collision between the ion and a target atom. Therefore the electronic stopping cross
section also depends on the impact parameter s during the collision [76]:
Se = 2 · pi ·
∫ smax
0
s ·Q(s, E)dx (2.43)
with:
Q(s, E) =
0.045 ·KL ·
√
E
pi · a2TF
· exp
(−0.3 ·R(s, E)
aTF
)
(2.44)
R(s, E) is the apsis during the binary collision, KL is the same factor as in the Lindhard-
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Figure 2.9: Panel a) shows the nuclear stopping cross section according to the Kr-C potential,
as calculated by Eq. 2.39, for the bombardment of Ti with Ar and with Xe ions. Panel b)
shows the corresponding electronic stopping cross section according to the Lindhard-Scharff
(LS) and the Oen-Robinson (OR) model, as calculated by Eq. 2.42 and Eq. 2.46, respectively.
Note the different scales.
Scharff model and aTF is the Thomas-Fermi screening length [33]:
aTF =
0.8853 · a0(
Z
1/2
1 + Z
1/2
1
)1/3 (2.45)
The Oen-Robinson electronic stopping cross section can be simplified by setting the apsis
R(s, E) equal to the impact parameter s, which is actually only valid for high energies,
leading to the simplified expression [76]:
Se = KL ·
√
E ·
{
1−
((
1 + 0.3 · sc
aTF
)
· exp
(
−0.3 · smax
aTF
))}
(2.46)
smax is the maximum value of the impact parameter, which can be approximated by Eq.
2.32 by calculating the atomic density from the mass density of Ti in the rutile phase
ρ = 4.51 g/cm3 [78] and the molar mass of Ti Mr(Ti) = 47.87 g/mol [78]. The resulting
atomic density of N = 5.7 ·1022 atoms/cm3 leads to a maximum impact parameter of smax =
1.47 · 10−8 cm.
Figure 2.9 a) shows the nuclear stopping cross section, as calculated by Eq. 2.39, for
the bombardment of Ti with Ar and Xe using the Kr-C potential. The electronic stopping
cross section, as calculated by Eq. 2.42 (Lindhard-Scharff) and Eq. 2.46 (Oen-Robinson),
are plotted in Figure 2.9 b). The maximum value of the impact parameter smax for the
Oen-Robinson electronic stopping cross section was set to smax = 1.47 · 10−8 cm. Compar-
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ing Figure 2.9 a) and Figure 2.9 b) shows that the nuclear stopping clearly dominates for
the bombardment with ion energies below 105 eV. Although the energy-loss rate is always
affected by both the nuclear and the electronic stopping, the nuclear stopping dominates
for low energies and high atomic numbers of the incident ion, while the electronic stopping
dominates for high energies and low atomic numbers [31].
2.4 Thin film growth
The properties of thin films, deposited by a physical vapor deposition (PVD) technique like
IBSD, are strongly influenced by the nucleation process on the substrate, and hence depend
on the growth mode. The growth mode is influenced by a manifold of different parameters
like substrate temperature, deposition rate, energy of the film-forming atoms, impurities on
the surface, etc. [79]. Controlling these parameters allows to influence the growth mode and
thereby the microstructure of the films.
2.4.1 Growth modes
On an atomically flat, clean, and defect-free surface, the nucleation process of thermal vapor
atoms is determined by the interplay of the cohesion of the vapor atoms among each other
and the adhesion between vapor atoms and the surface. Basically three different growth
modes are known, namely [4]:
• Volmer-Weber or island growth: The strong cohesion between the arriving vapor atoms
leads to the formation of islands, which coalesce eventually.
• Franck-van der Merwe or layer growth: Adhesion between the vapor atoms and the
surface dominates. The arriving vapor atoms form a closed monolayer during the
nucleation step. The second monolayer is formed in the same way, leading to a layer
by layer growth.
• Stranski-Krastanov growth: The arriving vapor atoms also form a closed monolayer,
followed by island growth on top of the first monolayer.
2.4.2 Structure zone diagram
A structure zone diagram is a convenient way of describing the influence of process param-
eters on the microstructure of thin films. The here presented structure zone diagram, as
proposed by Anders [6], is an extended version of the well-known structure zone diagram by
Thornton [5]. While Thornton used the pressure and the homologous temperature during the
deposition as reference parameters, Anders also considered the potential and kinetic energy
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Figure 2.10: Structure zone diagram by Anders, reproduced from [6].
of the film-forming and assisting particles, and additionally introduced a net film thickness
to the diagram. The extended structure zone diagram by Anders is depicted in Figure 2.10.
The axis labeled E∗ denotes the generalized kinetic energy of all particle species arriving on
the growing film [6]:
E∗ =
∑
a
Ekin,a
Ec
· ma
ms
· Ja∑
a
Ja
(2.47)
Ec is the cohesive energy (or heat of sublimation), ma is the mass of an arriving particle
of species a, ms is the mass of a surface atom, and Ja is the particle flux of the arriving
particles of species a. The subscript a denotes different kinds of particle species, which might
be involved in the deposition process.
The structure zone diagram by Anders is designed especially for the deposition under
bombardment with large ion fluxes, e.g. ionized physical vapor deposition (IPVD). Therefore,
the kinetic energy Ekin,a of a particle of species a, is given as the sum of an initial component
E0 and the acceleration in the plasma sheath q · Vsheath, but is nevertheless also applicable
for neutrals.
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T ∗ denotes the generalized homologous temperature, which is given by [6]:
T ∗ = Th +
1
kB
·
∑
a
Epot,a
Nmoved,a
· Ja∑
a
Ja
(2.48)
The generalized homologous temperature consists of two parts. The first part Th is the
classical homologous temperature, defined as the ratio of the film temperature to the melting
temperature of the film. The second part is the potential energy Epot,a of the particles of
species a, weighted by the number of atoms Nmoved,a of species a that are affected by the
resulting local heating. The potential energy Epot,a is the sum of the cohesive energy and
the ionization energy, minus the electron work function of the film, if ions are considered.
The third axis labeled as d∗ denotes the net film thickness and is used to describe effects like
film densification, resputtering and etching.
For a generalized kinetic energy E∗ around unity (or below), increasing the generalized
homologous temperature T ∗ allows to change the deposition parameters through the four
deposition zones labeled as 1, T, 2, and 3, as depicted in Figure 2.10. In zone 1 the mobility
of adatoms is low, so that nucleation dominates, resulting in films with small grains and
a rather porous structure. Zone 2 is characterized by a rather columnar growth caused by
the enhanced surface diffusion. In the transition zone T, between zone 1 and zone 2, the
growth mechanism is dominated by competitive grain growth caused by low grain boundary
diffusion. Zone 3 leads to large grains that are densely packed as a result of the activation
of bulk diffusion and recrystallization.
Increasing E∗ leads to a shift of the boundaries of the different zones to smaller values of
T ∗ because of the increase in adatom mobility. The increase in adatom mobility is caused by
the energy transfer of the arriving particles to the surface atoms. For values of E∗ around 10,
the net film thickness starts to decrease because of a densification of the film and resputtering
effects. For very high E∗ around 103, the net film thickness becomes negative, which is related
to a film removal or etching. The zone in which etching occurs, sets in at lower values of
E∗ with increasing T ∗, stating that etching is promoted by higher temperatures. Increasing
kinetic energies and thereby increasing momentum transfer does not only lead to an increase
in surface mobility, but also leads to an increasing amount of displacements in the growing
films. This leads in zone 3 to a decrease of grain size for increasing E∗. There are two not
accessible regions in the diagram in Figure 2.10. The first forbids very slow arriving particles
at any temperature as ions usually possess energies around 1 eV. The second forbids low
values of T ∗ for fast arriving particles, as fast particles generally heat the growing film.
It is important to note, that a structure zone diagram can be a used only as a rough
guideline. The growth of a specific thin film depends on a manifold of different parameters
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like the properties of the thin film material or the substrate. The resulting multitude of
parameters is too complex to fit into such a simplified diagram [6].
Chapter 3
Materials and methods
This chapter is dedicated to the description of the IBSD setup and the thin film character-
ization techniques used to analyze the deposited TiO2 films. The first part describes the
deposition system and the equipment used to analyse the ion beam and the secondary par-
ticles of the sputtering process. The focus of the second part lies on the characterization
techniques that were used to determine the optical properties, thickness, growth rate, mi-
crostructure, mass density, composition, and surface roughness of the deposited TiO2 films.
3.1 Experimental setup
The experimental setup consists of a broad-beam ion source, a target holder, a substrate
holder, and an energy-selective mass spectrometer (ESMS). A 3D sketch of the seteup is
depicted in Figure 3.1. The ion source and the target holder are mounted on a position-
ing system, which allows the variation of incidence and emission angle. Additionally, the
ion current density and energy distribution can be measured with a Faraday probe and a
retarding potential analyzer (RPA).
The experimental setup is located in a vacuum chamber of size 1 m×1 m×0.7 m (L×W×
H). The vacuum is generated by a turbomolecular pump in combination with a dry rotary
vane pump, leading to a base pressure of about 10−6 mbar without lubricant contamination.
The ion source is mounted on a 2D moving system, which is realized by two linear tables.
This 2D moving system is connected to a rotary table in order to rotate the ion source
around the target. The target is positioned at the rotation axis of the rotary table and can
be rotated separately. As a result, the ion beam is always directed towards the center of the
target.
A metallic Ti or a ceramic TiO2 target were used. Both targets are polycrystalline, have
a purity of 99.99%, are circular with a diameter of about 10 cm, and have a thickness of
3 mm. The source to target distance is about 15 cm.
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Figure 3.1: 3D sketch of the experimental setup.
A rotatable arm at the top of the vacuum chamber holds the target holder on one end and
a Faraday probe on the other. Rotating the arm by 180◦ places the Faraday probe in front
of the ion source. The current density distribution of the ion beam at the target position
was measured by scanning the position of the ion source with the 2D moving system.
For the deposition of thin films, a semicircular substrate holder was inserted into the
vacuum chamber. The target to substrate distance is about 15 cm. The substrate holder
allows the simultaneous deposition on several substrates, which are in the plane of incidence
of the primary ions. This way, TiO2 films were deposited for emission angles between −40◦
and 80◦ in steps of 10◦. The minimum angle between the ion source and the substrate is
20◦. All TiO2 films were deposited on polished p-doped 〈100〉 Si wafers with a thickness of
279µm±25µm and a specific resistance between 1 Ωcm and 20 Ωcm. The substrate size was
about 12 mm× 12 mm.
The measurement of the energy distribution of the primary ions was realized by using a
retarding potential analyzer (RPA). The RPA is not permanently installed in the vacuum
chamber. If required, it is placed in front of the ion source at the position of the target
holder.
The ESMS is flange-mounted onto the chamber wall. The aperture of the ESMS lies in
the plane of incidence of the primary ions. The distance from target to ESMS aperture is
about 25 cm. The ESMS allows the measurement of the mass and energy distribution of
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Table 3.1: Typical working pressure during the sputtering from the Ti and the TiO2 target.
Ion/target p without O2 [10
−5 mbar] p with O2 [10−5 mbar] ∆p [10−5 mbar]
Ar/Ti 3.3 4.7 1.4
Ar/TiO2 4.1 6.5 2.4
Xe/Ti 4.0 6.3 2.3
Xe/TiO2 4.3 7.4 3.1
the secondary ions during the sputtering process. The independent rotations of ion source
and target allow the investigation of the influence of the incidence angle and emission angle
onto the properties of the secondary ions. The sum of incidence angle and emission angle is
limited to a minimum of 60◦. This minimum angle is caused by the geometrical dimensions
of ion source and ESMS.
In order to deposit stoichiometric TiO2 films, an additional gas inlet was used to feed
a steady flow of 2.0 sccm of O2 into the vacuum chamber. Typical values for the working
pressure p with and without the additonal O2 flow of 2.0 sccm are listed in Table 3.1. The
working pressure was usually higher during sputtering from the TiO2 target. The O2 partial
pressure can be estimated from the difference ∆p between the working pressure with and
without an O2 flow. It was also usually higher during sputtering from the TiO2 target. This
increase in the O2 partial pressure is probably caused by a lower O2 consumption at the
TiO2 target, since it is already oxidized.
This setup allows for the deposition of thin films and the characterization of the properties
of the secondary ions for the same combinations of incidence angle and emission angle under
the same sputtering conditions. A 2D sketch of the setup in the configuration for deposition
and for secondary particle characterization is depicted in panels a) and b) of Figure 3.2,
respectively.
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Figure 3.2: 2D sketch of the experimental setup. Panel a) shows the setup for deposition
and panel b) shows the setup for ESMS measurements.
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3.1.1 Ion source
The ion source used in this work, is a broad beam ion source with a three grid multi-aperture
extraction system. The plasma generation of the ion source is radio frequency (RF) driven.
The ion source is an in-house development [80]. A 3D sketch of the ion source is depicted in
panel a) of Figure 3.3.
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Figure 3.3: Panel a) shows a 3D sketch of the ion source and panel b) shows the voltage
curve inside the ion source as a function of the distance from the back anode. Panel b) is
reproduced from [81].
The plasma is generated in a ceramic cylinder by an inductively coupled RF field. The
inlet for the sputter gas is integrated into the ceramics at the backside of the discharge
chamber. The extraction and acceleration of the plasma ions is realized by a three grid
multi-aperture system. The positive potential Ubeam is applied to the back anode and the
inner grid, also known as the screen grid. The sum of Ubeam and the plasma potential Uplasma
determines the energy of the ejected ions. The second grid is called the accelerator grid and
set to the negative potential Uacc. The outer grid is set to ground and is called the decelerator
grid. The decelerator grid makes the ion source appear neutral to the ejected ions. All grids
have an open diameter of 16 mm made up of 37 holes each and are slightly concave in order
to focus the ion beam [9]. Panel b) of Figure 3.3 shows the voltage curve inside the ion
source as a function of the distance from the back anode.
The ion source is operated with a RF power of 70 W and either 3.5 sccm of Ar or 1.1 sccm
of Xe, leading to a total ion current of about 10 mA. The term ion energy Eion is in the
following related to the voltage of the screen grid Ubeam, unless stated otherwise. Table 3.2
lists the main operation parameters of the ion source.
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Table 3.2: Main operation parameters of the ion source.
Eion [eV] Ubeam [V] Uacc [V]
500 500 -900
1000 1000 -400
1500 1500 -200
3.1.2 Faraday probe
A Faraday probe allows the measurement of the current density of a beam of charged particles
by detecting charge carriers with an electrode over a defined collection area. In this work,
a Faraday probe was used to measure the current density distribution of the primary ion
beam. The Faraday probe consists of a cylindrical graphite electrode, which is shielded by
a stainless steel tube. The shielding is electrically isolated from the graphite electrode by
ceramics. The Faraday probe is an in-house development. The graphite electrode has a
diameter of 1.9 mm, resulting in a detection area of 2.8 mm2. The length of the whole probe
is 101 mm. Graphite was chosen as electrode material due to its low secondary ion and
electron yield. The ion current is determined by measuring the voltage drop across a resistor
of 1 kΩ. A maximum current density of 40 mA/cm2 can be measured with a resolution of
0.05 mA/cm2 [11].
The current density distribution of the ion beam was measured with the Faraday probe
by scanning the ion source with the 2D moving system in a 60× 60 mm2 area in 5 mm steps
with the Faraday probe at the target position.
3.1.3 Retarding potential analyzer
The current measurement of an RPA is similar to that of a Faraday probe, but an RPA has
a more complex design, which allows to measure the energy distribution of the incoming
ions. The used RPA consists of a collector electrode and two grids as depicted in Figure
3.4. The outer grid (screening electrode) is grounded and limits the ion current entering
the device by partly shadowing the collector electrode. The second grid can be used to
suppress electrons from entering (or leaving) the RPA by applying a negative potential Us.
The collector electrode is used to measure the current of the ions that have passed the two
grids.
By applying a positive potential UR at the collector electrode, the measured ion current
is partly suppressed, since all positive ions with a kinetic energy below q · UR cannot reach
the collector electrode [10]. Gradually increasing the retarding potential UR of the RPA
causes a further decrease of the measured current I(UR). The energy distribution f(E) of
singly charged positive ions can then be deduced from the first derivative of the measured
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current-voltage curve:
f(E) = e · f(UR) = −e · dI(UR)
dUR
(3.1)
The used RPA is 40 mm in width, 47 mm in height, and 83.5 mm in length. The two grids
consist of 149 apertures with a diameter of 1.8 mm each. The retarding potential can be
set as high as 2 kV. The RPA is an in-house development [11]. The RPA was used for the
measurement of the energy distribution of the primary ions, because the energy range of the
ESMS is limited to 500 eV. The energy distribution of the ion beam was measured with the
RPA at the position of the target holder with a distance of roughly 15 cm to the ion source.
U
URUs
co
lle
ct
or
el
ec
tro
de
su
pp
re
ss
or
el
ec
tro
de
sc
re
en
in
g
el
ec
tro
de
Figure 3.4: Sketch of the RPA.
3.1.4 Energy-selective mass spectrometer
An ESMS is a device that is capable of measuring the mass distribution of ions and the
energy distribution of individual ion species. It basically consists of an energy filter, a mass
filter, and an ion detector. Keeping the energy filter at a fixed energy and scanning with
the mass filter allows for the measurement of the mass distribution and vice versa for the
measurement of the energy distribution of ions.
In this work, a Balzers Quadstar PPM 422 ESMS was used. The PPM 422 consists
of an internal ion source, a cylindrical mirror analyzer (CMA), a quadrupole mass filter,
and a secondary electron multiplier (SEM) as detector. The whole setup is flange-mounted
to the vacuum chamber and separately pumped, in order to reduce the interaction of the
investigated ions with the background gas.
The energy and mass filter separate ions according to their energy-to-charge- (E/z) and
mass-to-charge-ratio (m/z). Therefore, a doubly charged Xe2+ ion, with a charge number
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Figure 3.5: Sketch of the Balzers Quadstar PPM 422 ESMS, reproduced from [82].
z = 2, of mass 132 amu, would actually appear in a mass distribution at 66 amu/e. Nev-
ertheless, the ions are in the following considered to be positive and singly charged and
therefore, separated in the energy filter by their kinetic energy and in the mass filter by their
mass, unless stated otherwise. The energy and mass distribution of the secondary ions of
the investigated IBSD process are determined by scanning either the potential Uad or the
transfered mass m.
A sketch of the PPM 422 is depicted in Figure 3.5. The internal ion source allows the post
ionization of neutral particles entering the PPM 422. Ions or post-ionized particles are then
accelerated or decelerated by a tuneable potential Uad. The CMA only transfers ions to the
mass filter, if their kinetic energy fits the transmission energy Etrans, which can be set with
an accuracy of ±1.5 eV. The energy range of the energy analyzer reaches from 0 eV to 500 eV
with a resolution of ±0.5 eV. The transmitted ions are decelerated to a fixed kinetic energy
of several eV before they reach the mass filter. The quadrupole mass filter only transfers
ions with a specific mass. The detectable mass range of the quadrupole reaches from 0 amu
to 512 amu with a resolution of ±1 amu. Ions that meet the pre-set kinetic energy and mass
are able to pass the energy and the mass filter and are detected by the SEM [82].
Energy-selective mass spectrometers have an energy dependendent acceptance angle for
ions, i.e. slower ions have a larger acceptance angle than faster ions. The energy dependence
is enhanced by the focussing effect of the ion optics, which are located close to the aperture
of the device [82]. The energy dependence of the acceptance angle of a similar ESMS was
determined by Hamers et al. [83]. From their results it can be deduced that the energy
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Figure 3.6: Influence of a second aperture on the measured (normalized) energy distribution
of the sputtered 48Ti+ ions for an ion energy of 1000 eV and an incidence and emission angle
of 60◦.
dependence of the acceptance angle can be approximated by:
δ(Eion) = 5.8 · Eion−0.5 + 0.34 (3.2)
Where the ion energy Eion is given in eV. From Eq. 3.2 it becomes clear, that the energy de-
pendence of the acceptance angle leads to an overrepresentation of slow ions in the measured
energy distribution.
The influence of the acceptance angle of the used PPM 422 on the measured energy
distribution of the secondary ions was investigated by placing a second aperture in front of
the inner aperture of the ESMS with a distance of 10 cm (see Figure 3.5). The diameter
of both the inner and the outer aperture was 4 mm. Figure 3.6 shows the normalized en-
ergy distribution of the sputtered 48Ti+ ions for an ion energy of 1000 eV and an incidence
and emission angle of 60◦ with and without the second aperture. The measured energy
distributions in Figure 3.6 reveal a broadening of the energy distribution due to the spatial
confinement, which is caused by the second aperture, and thereby confirm the overrepresen-
tation of slow ions due to the energy dependence of the acceptance angle. Nevertheless, all
following measurements were performed without the second aperture, since it significantly
decreases the signal intensity without a drastic change of the shape of the measured Ti+
energy distributions.
The PPM 422 was used:
• To determine the composition of the ion beam. The distance between the ion source
and the aperture of the ESMS was about 40 cm. Because of the limited energy range
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of the ESMS (≤ 500 eV), the ion beam was analyzed with the grid voltages set to
Ubeam = 350 V and Uacc = −900 V, in order to measure representative spectra. Due to
the high ion current density, an aperture with an open diameter of 100µm was chosen
to prevent saturation of the SEM detector. The characterization of the ion beam was
performed with an O2 flow of 2.0 sccm, in order to achieve operating conditions similar
to the ones during the deposition process.
• To measure the mass distribution of the secondary ions by varying the mass-to-charge-
ratio for a fixed transmission energy Etrans. The transmission energy Etrans was set
roughly to the energetic position of peaks in the energy distribution of the sputtered
48Ti+ ions, which was usually found between 20 eV and 30 eV, or the peak position of
the backscattered Ar+ and Xe+ ions, which was usually found between 5 eV and 10 eV.
• To determine the influence of the O2 flow on the energy distribution of the secondary
ions.
• To measure the energy distributions of the secondary ions, e.g. Ti+, TiO+, and O+,
backscattered Ar+ and Xe+, and O+2 ions. Energy distributions were measured at
emission angles in steps of 10◦ for primary ion energies of 500 eV, 1000 eV, and 1500 eV
and incidence angles of 0◦, 30◦, and 60◦.
Due to the geometrical dimensions of the ESMS and the ion source, the minimal detectable
emission angle was limited. An incidence angle of 0◦, 30◦, and 60◦ results in a minimal
emission angle of 60◦, 30◦, and 0◦, respectively.
3.2 Film characterization
This section describes the characterization techniques that were used to investigate the
properties of the TiO2 films. The used technique were:
• Spectroscopic ellipsometry (SE) to measure the optical properties and thickness.
• X-ray diffraction (XRD) and X-ray reflection (XRR) to determine the crystallinity and
the mass density, respectively.
• Rutherford backscattering spectrometry (RBS) to investigate the composition.
• Atomic force microscopy (AFM) to determine the surface roughness.
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3.2.1 Spectroscopic ellipsometry
SE is a well-established technique for the determination of the optical properties of a wide
variety of materials. The change in polarization of light that is reflected from (or transmitted
through) a sample is analyzed. For the special case of linear polarized light, the change in
the polarization can be desribed by the ratio of the reflection coefficient parallel rp and
perpendicular rs to the plane of incidence, as depicted in Figure 3.7. The ratio between rp
and rs is usually described by the ellipsometric parameters ψ and ∆ [84]:
rp
rs
= tan(ψ) · exp(i∆) (3.3)
The sample properties are obtained by applying an appropriate model. A modelling approach
allows the determination of the thickness of a thin film and its optical properties, e.g. the
complex index of refraction:
n˜ = n+ i · k (3.4)
with the real part of the index of refraction n and the imaginary part k, also known as the
absorption coefficient.
For amorphous semiconductors, the Tauc-Lorentz model is often applied as a parameter-
ization of the dielectric function:
ε˜ = ε1 + i · ε2 = ε∞ + ε1,TL + i · ε2,TL = (n+ i · k)2 = n˜2 (3.5)
Where the real part of the dielectric function ε1 is divided into the high-frequency dielectric
constant ε∞ and the static dielectric constant ε1,TL.
The Tauc-Lorentz model combines the Tauc joint density of states [85]:
ε2,T (Ephoton) =
(Ephoton − Eg)2
Ephoton
2 (3.6)
and a classical Lorentz oscillator [86]:
ε2,L(Ephoton) =
AL · Ept ·BL · Ephoton
(Ephoton
2 − Ept2)2 +BL2 · Ephoton2
(3.7)
AL is the amplitude, Ept is the peak transition energy, and BL is the broadening term.
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Figure 3.7: Sketch of the change in polarization during a common SE experiment in the
reflective mode.
Multiplying Eq. 3.6 and Eq. 3.7 leads to the Tauc-Lorentz model dielectric function [86]:
ε2,TL(Ephoton) =

ATL · Ept ·BTL · (Ephoton − Eg)2
(Ephoton
2 − Ept2)2 +BTL2 · Ephoton2
· 1
Ephoton
forEphoton > Eg
0 forEphoton ≤ Eg
(3.8)
ATL is the amplitude and BTL is the broadening term of the Tauc-Lorentz model. The real
part of the dielectric function is obtained by applying the Kramers-Kronig relation. The
reader is referred to Ref. [86] for an analytical expression.
The SE measurements in this work were performed with a spectroscopic ellipsometer
RC2-DI (J.A. Woollam Co., Inc.). The ellipsometer is equipped with a Deuterium and a
Quartz-Tungsten halogen lamp, a fixed polarizer and analyzer, two rotating compensators,
and a silicon- and an indium gallium arsenide charge-coupled device (CCD) detector. Mea-
surements of the ψ and ∆ spectra were performed ex-situ over the whole spectral range from
193 nm to 1690 nm (6.42 eV to 0.73 eV) at incidence angles ϕ relative to the surface normal
of 50◦, 55◦, 60◦, 65◦, 70◦, and 75◦. A multi-layer model (Si/native SiO2/TiO2/air) was used
to model the sample. The optical properties of the Si substrate and the native SiO2 were
taken from Ref. [87]. The optical properties of the TiO2 films were determined by applying
a model consisting of two Tauc-Lorentz oscillators:
ε˜ = ε∞ + ε1,TL + i ·
∞∑
n=1
ε2,TL,n (3.9)
over the whole spectral range. The bandgap of the first and the second Tauc-Lorentz oscil-
lator were set equal, i.e. Eg,1 = Eg,2 = Eg.
For each ion-target combination, the TiO2 films were analyzed with a so called multi
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sample analysis (MSA), i.e. the measured spectra were modelled simultaneously, while some
modelling parameters were assumed to be the same for all samples and others were varied
independently. This way, the coupling between parameters, which show a strong correlation,
can be reduced. Variation of the parameters ATL,2, BTL,1, BTL,2, Ept,1, Ept,2, Eg and ε∞
was found to have only a negligible impact on the dielectric function of the TiO2 films and
therefore, these parameters were coupled for all samples in one MSA, while ATL,1 and the
thickness d were uncoupled.
3.2.2 X-ray diffraction
X-ray diffraction (XRD) is a characterization technique that allows the determination of the
crystal structure and of the orientation of crystallites in a solid. In an XRD experiment,
X-ray diffraction patterns of a sample are recorded and analyzed. These diffraction patterns
contain information about the crystal structure of the sample. There are several XRD
methods, e.g. the Laue method, the rotating-crystal method, and the powder method. All
these methods make use of Bragg’s law [88] in order to interpret the measured diffraction
patterns [89].
The XRD measurements in this work were performed with a Rigaku Ultima IV Type III
diffractometer. The Ultima IV Type III is a θ/θ goniometer that uses a Cu anode X-ray
tube with a graded multilayer mirror in order to obtain a collimated beam. A scintillation
detector with a parallel slit analyzer with 0.1◦ resolution is used to measure the intensity of
the diffracted beam.
Grazing incidence deflection (GID) measurements were performed, since it is a reliable
method for the detection of diffraction patterns of thin films. The GID measurements were
performed at a constant incidence angle θ of 1◦, relative to the surface. The range of the
detection angle 2θ, relative to the incident X-rays, was chosen between 10◦ and 75◦.
3.2.3 X-ray reflectivity
X-ray reflectivity (XRR) measurements allow to determine the thickness, density, and rough-
ness of thin films of a thickness up to several hundred nm. XRR is a non-destructive tech-
nique that is able to investigate crystalline and amorphous films and multilayer systems, if
the mean surface roughness of the interfaces and surface is sufficiently low, i.e. < 5 nm [90].
In an XRR measurement, the intensity of the reflected X-rays is measured in specular
reflectance for small incidence angles, relative to the surface. Since the index of refraction in
the X-ray spectral region is always smaller than unity, Snell’s Law predicts a total reflection
for incidence angles below a critical value θc. For incidence angles above θc, the X-rays are no
longer totally reflected, but partially transmitted into the thin film. This leads to a decrease
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of the reflected intensity. The transmitted X-rays are again partially reflected at the interface
between the thin film and the substrate. These X-rays interfere with the X-rays that are
reflected at the surface, which leads to an interference pattern in the measured intensity above
θc. This interference pattern contains information about the thin film thickness. Absorption
in the thin film, the roughness of the surface, and of the interface between thin film and the
substrate also lead to a decrease of the reflected X-ray intensity. A common method for the
interpretation of XRR measurements is to compare the measured intensities with a model.
Such a model can provide the film thickness, mass density, surface and interface roughnesses
[90].
The XRR measurements in this work were performed with a SEIFERT XRD 3003 PTS
diffractometer. The XRD 3003 PTS is basically a four-circle θ/2θ goniometer. The X-ray
source is a Cu anode X-ray tube. The X-rays are collimated by a graded multilayer mirror
and then directed through a Ge(220) channel cut monochromator. A scintillation detector
with a slit system is used to measure the intensity of the reflected beam. This setup allows
to determine the mass density of the deposited TiO2 films with an accuracy of ±0.05 g/cm3.
3.2.4 Rutherford backscattering spectrometry
In a Rutherford backscattering spectrometry (RBS) experiment, a sample is exposed to a
beam of high-energetic light ions. The energy loss of the backscattered ions can be related
to the atomic species in the film. Thus, composition and depth distribution of the atomic
species can be quantitatively determined.
The energy loss of the backscattered ions can be divided into two parts. The first part
is the energy loss due to an elastic collision with a nucleus as already discussed in detail
in section 2.1.4. If the scattering angle, the ion mass, and the ion energy before and after
the collision are known, the mass of the collisional partner in the sample can be deduced
from the kinematic factor (see Eq. 2.12). The second part of the energy loss is due to
electronic stopping. The electronic stopping dominates for high-energetic ions with low
atomic numbers, as already mentioned in Section 2.3.2. Therefore, the energy loss of a
2 MeV He+ ion before and after the elastic collision can be approximated by the electronic
stopping along the distance it covers inside the sample [91]. Information about the areal
density of the different atomic species inside a sample can be deduced by applying the
Rutherford scattering cross section [91]:
dσ(γ)
dΩ
=
(
Z1 · Z2 · e2
4 · Eion
)2
sin4
(γ
2
) (3.10)
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The underlying assumption of an unscreened Coulomb potential is justified due to the high
ion energies.
The RBS measurements in this work were performed at the LIPSION facility at the
University of Leipzig. A beam of 2 MeV He+ ions with a beam diameter of 0.8 mm was used.
The raw data were evaluated with the program XRUMP.
3.2.5 Atomic force microscopy
Atomic force microscopy (AFM) measurements were used to determine the surface roughness
of the TiO2 films. The fundamental idea behind AFM measurements is to scan the surface
of a sample with a microscopic tip. Measuring the deflection of the cantilver, on which the
tip is mounted, gives a measure of the force acting on the tip. When the tip of an AFM
approaches the surface of a sample, the cantilever will at first bend towards the surface due
to the attractive Van der Waals forces. Approaching the tip and the sample further will
lead to a repulsive force between the electron clouds of the tip and the sample. For small
distances the repulsive part will dominate, and therefore bend the cantilever away from the
surface [92].
In this work, a Bruker Dimension Icon was used in TappingModeTM. The tapping mode is
a combination of the contact and the non-contact mode. The tip oscillates above the surface,
tapping it slightly. The proximity to the surface changes the amplitude of the oscillation.
The tip is scanned across the surface while the amplitude is kept constant. The z position
of the tip represents the surface topography of the sample [92].
The AFM was equipped with a Si cantilever with a nominal tip radius of 5 nm. The noise
floor level is ≤ 0.05 nm. Each scan was performed in a 10 × 10µm area with 1024 × 1024
measuring points. The sample tilt/offset compensation and noise minimization of the AFM
data were realized by a line-wise leveling using a polynomial of 1st order. The root mean
square (rms) roughness of the TiO2 films was determined from the processed AFM data.
Chapter 4
Results and discussion
This chapter begins with the description of the ion beam parameters, i.e. the ion species,
energy distribution, and current density of the ion beam. The impact of the bombarding ions
and of the background gas on the composition of the two targets is described in detail. The
species that are sputtered from the target and their energy distributions are discussed. The
chapter ends with a detailed description of the influence of the secondary particle properties
on the TiO2 films. The main process parameters that were used for the deposition of the
TiO2 films are summarized in Table 4.1.
Table 4.1: Main process parameters used for TiO2 deposition.
Gas Eion [eV] α [
◦] β [◦] Target O2-flow [sccm]
Ar/Xe 500 30 -10 to 80 Ti/TiO2 2.0
Ar/Xe 1000 30 -10 to 80 Ti/TiO2 2.0
Ar/Xe 1500 30 -10 to 80 Ti/TiO2 2.0
Ar/Xe 1000 0 20 to 80 Ti/TiO2 2.0
Ar/Xe 1000 60 -40 to 80 Ti/TiO2 2.0
4.1 Primary particles
The ion beam was analyzed regarding its composition, energy distribution, and current
density distribution. The composition of the ion beam was investigated with the ESMS.
The energy distribution was determined with the RPA and the current density distribution
with the Faraday probe.
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4.1.1 Beam composition
The energetic position of the main peak for Ar and Xe operation was found roughly at 370 eV
and 360 eV, respectively. Figure 4.1 shows the mass distribution of the ion beam for a set
transmission energy Etrans of the ESMS of 370 eV for Ar operation and a Etrans of 360 eV
for Xe operation. From Figure 4.1 it becomes clear, that the most predominant ion species
are the singly charged sputter gases Ar+ and Xe+. The most abundant isotopes of Ar and
Xe are found at 40 amu and 132 amu, respectively. The most predominant ion species next
to Ar+ and Xe+ are N+2 (28 amu/e), O
+
2 (32 amu/e), and O
+ (16 amu/e), which all show
signal intensities that are about two orders of magnitude lower than the intensity of the
most prevalent Ar+ and Xe+ ions. The N+2 , O
+
2 , and O
+ ions originate from the background
gas.
From Figure 4.1 it can be concluded, that the ion beam mainly consists of the singly
charged noble gases and that the contamination of the plasma with the background gas, and
due to the additional O2 flow, is negligible. In the mass distribution of the ion beam for
Xe operation, double charged Xe2+ ions are clearly visible between 62 amu/e and 68 amu/e.
The signal intensities of these double charged Xe2+ ions are about three orders of magnitude
smaller than the signal intensities of the singly charged Xe+ ions between 124 amu/e and
136 amu/e and are therefore neglected in the following discussion.
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Figure 4.1: Mass distribution (m/z) of the ions extracted from the ion source. The mass
distributions were recorded with a transmission energy Etrans of 370 eV for Ar and of 360 eV
for Xe operation.
4.1.2 Energy distribution
Figure 4.2 shows representative energy distributions of the ion beam when the source is
operated with Ar and Xe with Ubeam = 1000 V. The peak position Epeak and the full width
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Figure 4.2: Representative energy distributions of the ion beam for Ar and Xe operation with
Ubeam = 1000 V. The energy distribution was derived from the RPA raw data by applying
Eq. 3.1. The solid line represents the Gaussian fitting function.
at half maximum (FWHM) were determined by applying a Gaussian fitting function to the
data. The fitting results are listed in Table 4.2 for all main operation parameters of the ion
source.
From Table 4.2 it becomes clear, that the peak position of the ion energy distribution
is about 30 eV higher than Ubeam · e for Ar and about 10 eV higher than Ubeam · e for Xe
operation. Table 4.2 also shows that the FWHM of the main peak is about 15 eV for Ar and
about 10 eV for Xe operation. The data in Table 4.2 show clearly, that the plasma potential
of the Xe plasma is always lower than the plasma potential of the Ar plasma. The smaller
FWHM of the Xe plasma is an indication of a thinner plasma sheath. Both results can be
related to the higher ionization cross section of Xe compared to that of Ar [10], which leads
to a higher plasma density in the Xe plasma.
Table 4.2: Best-fit parameters of the Gaussian fitting function for the energy distributions
of the ion beam for the main operation parameters.
Gas Ubeam [V] Uacc [V] Epeak [eV] FWHM [eV]
Ar 500 -900 528 13.5
Ar 1000 -400 1034 16.6
Ar 1500 -200 1524 16.2
Xe 500 -900 508 7.2
Xe 1000 -400 1009 8.9
Xe 1500 -200 1504 9.2
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4.1.3 Current density distribution
Panel a) of Figure 4.3 shows a representative current density distribution for Ar and Xe
operation with Ubeam = 1000 V. Panel b) shows the result of a 2D-Gaussian fitting function
applied to the current density distributions in panel a). The 2D-Gaussian describes the
experimental current density distribution sufficiently well over the whole parameter range
used in this work. Therefore, the results of the fitting function are utilized in the following,
if the current density distribution is referred to.
Figure 4.3: Current density distribution as measured with the Faraday probe for Ar and Xe
operation with an ion energy of Eion = 1000 eV in panel a) and the corresponding best fit
of a 2D-Gaussian to the Faraday probe measurements in panel b).
Table 4.3: Results of 2D-Gaussian applied to Faraday probe measurement for main ion
source parameters.
Gas UBEAM [V] UACC [V] jmax [µA/mm
2] FWHM [mm]
Ar 500 900 1.9 55
Ar 1000 400 6.3 29
Ar 1500 200 4.3 39
Xe 500 900 3.5 45
Xe 1000 400 8.9 27
Xe 1500 200 14.2 21
Table 4.3 shows the current density at the center of the current density distribution jmax
and the corresponding FWHM according to the 2D-Gaussian fitting function for the three
main parameters of the ion source. Since the 2D-Gaussian always showed an almost perfect
rotational symmetry, Table 4.3 only shows the mean FWHM. From Table 4.3 it becomes
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clear, that for the applied ion source parameters an increase of ion energy leads to an incrase
of the maximum current density and a narrower current density distribution for Xe operation,
whereas for Ar operation increasing the ion energy from Eion = 1000 eV to Eion = 1500 eV
leads to a decrease of the maximum current density and a broadening of the current density
distribution.
4.2 Target
Metallic Ti and ceramic TiO2 were used as sputtering targets. In the case of the Ti target,
the additional O2 flow into the vacuum chamber will lead to the formation of a thin layer
of TiO2 on the metallic target. When a compound target like TiO2 is sputtered with noble
gas ions, the O atoms are preferentially sputtered [93]. In both cases, noble gas ions get
implanted. These effects will change the composition and properties of the sputtering targets
and therefore influence the sputtering process.
4.2.1 Modelling of the oxidation of the Ti target
Berg’s model (see Section 2.1.3) can be used to describe the oxidation of the Ti target. The
coverage of the target with a monolayer of TiO2 can be deduced by applying Eq. 2.6 and
2.7. In order to calculate the coverage with TiO2, the sticking coefficient of O2 on pure Ti,
the partial pressure of O2, the current density of the impinging ions, and their sputtering
yield on TiO2 are needed.
Due to the high reactivity of Ti, a sticking coefficient equal to unity is reasonable. The
values from Table 3.1 are used for the partial pressure of O2. For the current density, the
Faraday probe measurements from Section 4.1.3 are used.
The sputtering yield of Ti for normal incidence of Ar+ and Xe+ ions with an ion energy of
1000 eV can be found on p. 52− 53 in Ref. [1] and is about 1 atom/ion in both cases. Since
the data about sputtering yields of oxides in the literature is rather scarce, the corresponding
sputtering yields for TiO2 were estimated by SDTrimSP simulations.
An important parameter for the simulation of the sputtering yield is the surface binding
energy Esb. The surface binding energy of a monoatomic target is usually set equal to the
heat of sublimation ∆Hs(Ti). In a compound target, the heat of formation of the compound
molecule ∆Hf (TiO2) and in the case of a dimer gas like O2, also the dissociation energy of
the gas molecule ∆Hdiss(O2) have to be taken into account. If ∆H
f (TiO2) is spread equally
among the three constituents of the TiO2 molecule and ∆H
diss(O2) is spread equally among
the two O atoms, the surface binding energy of the Ti and O atoms in a TiO2 target can be
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estimated by:
Esb(Ti) = ∆H
s(Ti) +
1
3
·∆Hf (TiO2) (4.1)
and
Esb(O) =
1
3
·∆Hf (TiO2) + 1
2
·∆Hdiss(O2) (4.2)
Eq. 4.1 and 4.2 are a modified version of an estimation of the surface binding energy of
compound targets in Ref. [94]. Inserting ∆Hs(Ti) = 4.86 eV, ∆Hf (TiO2) = 9.79 eV, and
∆Hdiss(O2) = 5.16 eV according to Ref. [95] into Eq. 4.1 and 4.2, leads to Esb(Ti) = 8.12 eV
and Esb(O) = 5.84 eV.
The SDTrimSP simulations for the estimation of the sputtering yield of TiO2, were
performed for the bombardment of a pure Ti target with a density ρ(Ti) = 4.51 g/cm3
[78] with a surface binding energy Esb(Ti) = 4.86 eV and for the bombardment of a TiO2
target with a density of ρ(TiO2) = 4.23 g/cm
3 (rutile) [96] with surface binding energies
Esb(Ti) = 8.12 eV and Esb(O) = 5.84 eV. For each target, the bombardment was simulated
for 106 Ar and Xe ions with an ion energy of 1000 eV under normal incidence. The resulting
sputtering yields for the Ti atoms from the pure Ti and the TiO2 target are listed in Table 4.4.
Under the assumption, that each Ti atom sputtered from the TiO2 target is representative
for the removal of one TiO2 molecule from the target, as assumed in Berg’s model, the
results from Table 4.4 suggest the ratio between the sputtering yields of TiO2 and Ti to
be 0.08 for Ar and 0.06 for Xe bombardment. As a result, the sputtering yield of TiO2 is
estimated in the following considerations to be 0.08 atom/ion for Ar and 0.06 atom/ion for
Xe bombardment.
Table 4.4: Simulation results for the sputtering yield of Ti particles from a pure Ti and a
TiO2 target.
Gas YTi [atom/ion] from Ti YTi [atom/ion] from TiO2 Ratio
Ar 1.1 0.09 0.08
Xe 0.98 0.06 0.06
In Section 4.3.3 the total sputtering yield of Ti atoms is calculated from the angular
distribution of the flux of sputtered particles for normal incidence of Ar+ and Xe+ ions with
an ion energy of 1000 eV. For the bombardment of the TiO2 target, these calculations lead
to a sputtering yield of Ti atoms of 0.16 atom/ion for Ar and 0.14 atom/ion for Xe bombard-
ment. The calculated values are about a factor of two higher than the estimated values. The
reason for the higher sputtering yield in the experiment might be the preferential sputtering
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of oxygen, leading to a higher surface concentration of Ti compared to stoichiometric TiO2
and consequently a higher sputtering yield of Ti.
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Figure 4.4: Coverage of the Ti target with a TiO2 monolayer according to Berg’s model (Eq.
2.6 and 2.7) for a) normal incidence of Ar+ and b) normal incidence of Xe+ ions with an ion
energy of 1000 eV and a current density distribution according to Fig. 4.3 b).
Figure 4.4 shows the coverage of the Ti target with TiO2 according to Eq. 2.6 and 2.7
for a) Ar and b) Xe bombardment at normal incidence with an ion energy of 1000 eV. The
current density distributions from Figure 4.3 b) were applied. For the calculation of the
striking rate of the O2 molecules, T was set to 300 K, mr was set to 32 · 1.66 · 10−27 kg. The
partial pressure of O2 was set to 1.3·10−5 mbar for Ar and 2.3·10−5 mbar for Xe bombardment
according to Table 3.1.
Figure 4.4 reveals that the Ti target is almost fully oxidized during the sputtering process.
At the center position of the beam, the coverage with the oxide goes down to 92% for Ar
and 95% for Xe bombardment. The difference for Ar and Xe bombardment is mainly caused
by the difference in the O2 partial pressure. Though it should be kept in mind, that Berg’s
model is only a rough estimate of the equilibrium between oxide removal and oxide formation
on the target.
4.2.2 Composition of TiO2 target
The composition of the TiO2 target will change during the bombardment with noble gas ions
due to the preferential sputtering of the O atoms and due to the implantation of the noble
gas ions. The change in composition of a TiO2 target under bombardment with noble gas
ions was simulated with TRIDYN. TRIDYN changes the target composition after nrpproj
projectiles, which was set to 103. This process is repeated nh times. In the presented
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Figure 4.5: Dynamic SDTrimSP simulation results for the composition of a TiO2 target
after the bombardment with a) Ar+ and b) Xe+ ions with an ion energy of 1000 eV and an
incidence angle of 30◦ with a fluence of 2 · 1016 ions/cm2. The diffusion of implanted Ar and
Xe towards the surface was taken into account.
simulations, nh was set to 2 · 104. Each simulation of 103 impinging particles is related to a
fluence step of 1 · 1012 ions/cm2, leading to a total fluence of 2 · 1016 ions/cm2.
Another important factor for the simulation of the target composition is the choice of
binding energies. The surface binding energies of Ti and O are the same as in Section 4.2.1.
The surface binding energies of Ar and Xe were estimated by Esb(Ar/Xe) = 0.1 eV.
Figure 4.5 shows the representative composition of a TiO2 target after the bombardment
with a) Ar and b) Xe with an ion energy of 1000 eV and an incidence angle of 30◦. Both
simulations showed an equilibrium in target composition after a fluence of 1 · 1016 ions/cm2.
The maximum percentage of Ar qA,max(Ar) of 4.5 at.% is found 2.75 nm below the surface
and for Xe qA,max(Xe) is 1.7 at.% at 3.25 nm. Both simulations show, that the O atoms are
preferentially sputtered, leading to an accumulation of Ti near the surface. At the position
of the maximum of the implanted primary ions, the implanted ions are mostly replacing Ti
atoms, leading to a minimum in the Ti distribution.
Table 4.5 shows the maximum of implanted primary particles qA,max and the correspond-
ing depth for the main sputtering parameters. From Table 4.5 it becomes clear, that the
amount of implanted primary particles increases with increasing ion energy and decreasing
incidence angle. The Xe atoms are implanted deeper into the target than the Ar atoms,
which can be explained by the smaller nuclear stopping cross section (see Figure 2.9 in Sec-
tion 2.3.2). The amount of implanted Xe atoms is smaller than the amount of implanted Ar
atoms, due to the higher diffusion constant of Xe. For the interpretation of the simulation
results, it should be kept in mind, that the re-oxidation of the surface by the O2 background
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gas is not taken into account and will probably compensate most of the O depletion near
the surface.
Table 4.5: Maximum percentage of implanted primary particles and corresponding depth for
the main simulation parameters.
Gas Eion [eV] α [
◦] qA,max [%] Depth [nm] Eion [eV] α [◦] qA,max [%] Depth [nm]
Ar 500 30 3.7 1.75 1000 0 5.4 3.25
Ar 1000 30 4.5 2.75 1000 30 4.5 2.75
Ar 1500 30 5.3 3.75 1000 60 2.9 1.75
Xe 500 30 1.3 2.25 1000 0 2.0 3.75
Xe 1000 30 1.7 3.25 1000 30 1.7 3.25
Xe 1500 30 1.8 3.75 1000 60 1.1 2.25
4.2.3 Target structure for SDTrimSP simulations
Different structures were used to simulate the Ti and the TiO2 target for the SDTrimSP
simulations. The thickness of both targets was set to 300 nm. The Ti target consisted of
a 0.5 nm thick top layer of 30% Ti, 60% O, and 10% Ar/Xe followed by a 299.5 nm thick
layer of 90% Ti and 10% Ar/Xe. The atomic density was set to N = 0.057 atoms/A˚3
and was calculated from the mass density ρ(Ti) = 4.51 g/cm3 [78] and the molar mass
M(Ti) = 47.87 g/mol [78]. The TiO2 target consisted of a 300 nm thick layer of 30% Ti,
60% O, and 10% Ar/Xe with an atomic density of N = 0.096 atoms/A˚3, which was calculated
from the mass density of the rutile phase ρ(TiO2) = 4.23 g/cm
3 [96] and the molar mass
M(TiO2) = 79.90 g/mol [96]. The surface binding energies of the Ti, O, and implanted
Ar/Xe were the same as in Section 4.2.2. The relatively high amount of 10% implanted
primary particles was chosen in the simulation in order to enhance the influence of collisions
between the highly energetic primary particles with implanted primary particles. These
collisions were found to play a crucial role in earlier works on ion beam sputtering from Ge
and Ag with noble gas ions [25, 26, 27].
The most important difference between the simulated Ti and TiO2 target is the difference
in the atomic density. The higher atomic density of the TiO2 target leads to a smaller mean
free path length and consequently to an increasing number of collisions after the same path
length. Panel a) of Figure 4.6 shows the number of stopped primary particles as a function
of the penetration depth for the 107 Ar+ ions with an ion energy of 1000 eV and an incidence
angle of 30◦ for both targets. Panel b) shows the total nuclear energy loss for the same
sputtering parameters. Panels a) and b) of Figure 4.6 show, that the primary particles are
stopped closer to the surface in the TiO2 target than in the Ti target and that their kinetic
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energy is consequently deposited closer to the surface. This is a direct result of the higher
atomic density in the TiO2 target.
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Figure 4.6: Panel a) shows the number of stopped primary particles over the penetration
depth for the SDTrimSP simulation of the Ar+ ion bombardment of a Ti target with an
0.5 nm thick top layer of TiO2 and of a TiO2 target. Panel b) shows the corresponding
deposited kinetic energy due to the nuclear stopping. Both simulations were performed for
an ion energy of 1000 eV, an incidence angle of 30◦, and 107 Ar+ ions.
4.3 Secondary particles
Secondary particles are defined here as all particles that interact with the growing film.
These are primary particles that are backscattered from the target, particles that are emitted
during the sputtering from the Ti and the TiO2 target, and particles from the residual gas.
The secondary particles were analyzed with the ESMS. Although an internal ion source is
integrated in the ESMS, which allows the investigation of neutral secondary particles, only
secondary ions were analyzed, since the effectivity of the post-ionization of neutral particles,
which depends on the particle species and velocity, strongly influences the measured energy
distributions. Whenever measured energy distributions of secondary ions are presented, the
energy distributions were smoothed by the method of moving average with an average of 10
adjacent data points for the Ti+, the TiO+, and the O+2 ions, with an average of 20 adjacent
data points for the O+ ions, and with an average of 40 adjacent data points for the Ar+ and
Xe+ ions. The smoothing procedure was applied in order to clarify the experimental results
by suppressing the signal noise.
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4.3.1 Mass distribution
Figure 4.7 shows the mass distribution of the secondary particles for a set transmission
energy Etrans of a) 5 eV and b) 20 eV for Ar bombardment of the Ti target with an ion
energy of Eion = 1500 eV and the incidence and emission angle both set to 30
◦. In both
panels a) and b) the mass distribution is shown with and without an additional oxygen flow
of 2.0 sccm in the mass range between 0 amu/e and 70 amu/e.
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Figure 4.7: Influence of the O2 flow (0.0 sccm & 2.0 sccm) on the mass distribution of the
secondary ions for Ar bombardment of the Ti target with an ion energy of Eion = 1500 eV
and the incidence and emission angle both set to 30◦. Panel a) shows the mass distribution
for a fixed transmission energy Etrans of 5 eV and panel b) for 20 eV.
Figure 4.7 a) and b) show that the most predominant secondary ions with an energy of
5 eV are the gaseous species Ar+ (40 amu/e), O+2 (32 amu/e), and O
+ (16 amu/e). Whereas
in panel b), at a transmission energy of 20 eV, the most predominant secondary ions are
Ti+ (48 amu/e), and TiO+ (64 amu/e). When oxygen is lead into the vacuum chamber,
the signal intensity of these ion species seems to increase dramatically. The increase in the
O+2 (32 amu/e) and O
+ (16 amu/e) signal is due to the higher oxygen partial pressure, the
increase in the Ti+ (48 amu/e) and TiO+ (64 amu/e) signal is caused by the oxidation of the
Ti target that leads to an increase in the ionization rate. In the special case of the TiO+ ions,
an increase in the oxygen partial pressure will also cause a higher reaction rate of emitted
Ti+ ions with oxygen in the gas phase. The dominating process of TiO formation remains
unclear in this work. The increase of the Ar+ (40 amu/e) signal in the mass disitribution is
caused by a shift of the peak position of the Ar+ energy distribution from 6 eV to 5 eV, which
was measured independently, and is therefore no indication for an increase in the ionization
probability of the backscattered Ar. This shift to a smaller energy is probably due to the
smaller free path length of the Ar+ ions, which leads to more collisions and therefore smaller
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energies.
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Figure 4.8: Influence of sputter gas (Ar/Xe) on the mass distribution of the secondary ions
for the bombardment of the Ti target with an ion energy of Eion = 1500 eV, the incidence
and emission angle both set to 30◦, and an O2 flow of 2.0 sccm. For Ar bombardment, the
mass scans were performed for a Etrans of 10 eV and of 20 eV for Xe bombardment.
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Figure 4.9: Influence of sputter gas (Ar/Xe) on the mass distribution of the secondary ions
for the bombardment of the TiO2 target with an ion energy of Eion = 1500 eV, the incidence
and emission angle both set to 30◦, and an O2 flow of 2.0 sccm. For Ar and Xe bombardment,
the mass scans were performed for Etrans of 20 eV.
Figure 4.8 and 4.9 show the mass distributions of the secondary particles for the Ar
and Xe bombardment of the Ti and the TiO2 target, respectively. Etrans was set to 10 eV
for the Ar bombardment of the Ti target and to 20 eV for Xe bombardment. For the Ar
and Xe bombardment of the TiO2 target, Etrans was set to 20 eV. From Figure 4.8 and
4.3. SECONDARY PARTICLES 57
4.9 it becomes clear, that the ions with such elevated kinetic energies as 10 eV and 20 eV
are mostly ions that can be related to the sputtering process and not to the background
gas. The most prevalent are the Ti+ (48 amu/e) and TiO+ (64 amu/e) ions. Ti+ ions and
ionized molecules containing Ti can be identified by the characteristic natural abundance of
the Ti isotopes, which is listed in Table 4.6. Especially for the case of Ar bombardment in
Figure 4.8, there are several neighboring ions that show a similar structure in their signal
intensity with their centre position at 48 amu/e, 64 amu/e, 80 amu/e, 96 amu/e, 112 amu/e,
and 128 amu/e. The distance between the centre position of these structures is always
16 amu/e. The structures around 48 amu/e and 64 amu/e can be assigned to Ti+ and TiO+
ions, since the signal intensities fit the natural abundance of Ti and TiO quite accurately,
as presented in Table 4.6 for the signal intensities shown in Figure 4.8 for Ar bombardment.
The signal intensity for TiO+ at 65 amu/e is twice as high as expected from the natural
abundance of 49Ti. This is probably due to the formation of TiOH+ containing 48Ti. The
structures around 80 amu/e, 96 amu/e, 112 amu/e, and 128 amu/e are tentatively assigned
to TiO+2 , Ti
+
2 , Ti2O
+, and Ti2O
+
2 , respectively, although a precise assignment, by making
use of the natural abundance of Ti, is not possible due to the low signal intensities.
Table 4.6: Signal intensities for the singly charged Ti+ isotopes and the corresponding TiO+
molecules as presented in Figure 4.8 for Ar bombardment, compared to the natural abun-
dance of Ti and TiO according to Ref. [97].
Mass-to-charge-
ratio
[amu/e]
Count rate [s−1] Relative Natural abun. Ti [%] Relative
46 29930 0.12 8.25 0.11
47 26401 0.11 7.44 0.10
48 248406 1.00 73.72 1.00
49 17750 0.07 5.41 0.07
50 17529 0.07 5.18 0.07
Mass-to-charge-
ratio
[amu/e]
Count rate [s−1] Relative Natural abun. TiO [%] Relative
62 19196 0.11 8.23 0.11
63 18910 0.11 7.43 0.10
64 178099 1.00 73.56 1.00
65 25306 0.14 5.44 0.07
66 14854 0.08 5.32 0.07
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4.3.2 Effect of target oxidation on secondary ions
The oxidation of the Ti target, due to the O2 partial pressure in the vacuum chamber,
influences the signal intensity of the sputtered Ti+ and TiO+ ions. Thus, the signal intensity
of the sputtered ions is an indication for the oxidation of the Ti target.
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Figure 4.10: Energy distributions of the sputtered 48Ti+ ions during Ar bombardment with
an ion energy of 1500 eV and an incidence and emission angle of 30◦. Panel a) shows the
change of the energy distribution for the bombardment of the Ti target directly after the ion
beam is turned on and after 2 min, 4 min, 8 min, 16 min, and 32 min of ion bombardment.
Panel b) compares energy distribution between the bombardment of the Ti and the TiO2
target shortly after the ion beam is turned on and after about 20 min of ion bombardment.
Figure 4.10 shows how the energy distribution of the 48Ti+ ions changes over time, during
the bombardment of the Ti and the TiO2 target with Ar. In the two representative cases,
the ion energy was set to Eion = 1500 eV and the incidence and emission angle were both set
to 30◦. No O2 flow was led into the vacuum chamber during the sputtering process. Panel
a) shows the energy distribution for the bombardment of the Ti target directly after the ion
beam is turned on and after 2 min, 4 min, 8 min, 16 min, and 32 min of ion bombardment.
Panel b) compares the energy distribution of the bombardment of the Ti and the TiO2 target
shortly after the ion beam is turned on and after about 20 min of ion bombardment. Figure
4.10 a) reveals that the signal intensity of the 48Ti+ ions shows a steady decrease over time,
which starts to saturate after about 20 min to 30 min. This decrease of the signal intensity is
an indication for the removal of the native oxide layer from the Ti target. The bombardment
of the TiO2 target in panel b) does not show such a behavior. The signal intensity during
the bombardment of the TiO2 target is close to the intensity during the bombardment of
the Ti target right after the ion beam is turned on. This leads to the conclusion, that the
composition of the initial oxide layer on top of the Ti target is similar to the composition of
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the surface of the TiO2 target.
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Figure 4.11: Influence of the O2 flow into the vacuum chamber on the energy distribution of
the 48Ti+ ions during a) Ar+ and b) Xe+ ion bombardment with an ion energy of 1500 eV
and an incidence and emission angle of 60◦ for an O2 flow of 0.0 sccm, 0.5 sccm, 1.0 sccm,
and 2.0 sccm.
Figure 4.11 shows the influence of an O2 flow of 0.5 sccm, 1.0 sccm, and 2.0 sccm on the
signal intensity of the sputtered 48Ti+ ions for the a) Ar and b) Xe bombardment of the Ti
target. In this representative case, the ion energy was set to Eion = 1000 eV and the incidence
and emission angle were both set to 60◦. The measurement of the energy distribution for Ar
and Xe bombardment without an additional O2 flow was performed 45 min and 20 min after
the ion beam was turned on, respectively. In both cases an increase of the signal intensity
was observed for an increasing O2 flow, i.e. O2 partial pressure. The signal intensity clearly
saturates for Ar and Xe bombardment for an O2 flow of 2.0 sccm.
Figure 4.10 and Figure 4.11 show, that the increase of the ionization rate by surface
oxidation affects the shape of the energy distribution of the sputtered 48Ti+ ions only slightly,
as described in the literature (see Ref. [65]) and explained in detail in Section 2.2.2. The low
energy peak of the energy distributions seems to shift towards higher energies with increasing
O2 flow. This effect is tentatively assigned to an enhanced space charge in front of the target
due to the vast increase in the ionization rate.
The signal intensity of the secondary Ar+ and Xe+ signal did not change with an increas-
ing O2 flow. The O
+ and O+2 signal intensities increased with an increasing O2 flow. The
48Ti16O+ ions show a similiar behavior as the 48Ti+ ions with increasing O2 flow.
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4.3.3 Angular distribution of sputtered particles
The angular distribution of the flux of sputtered particles was determined from the thickness
of the TiO2 films, which was determined by SE. The growth rate of the films is assumed
to show a linear dependence on the angular flux distribution of the sputtered Ti atoms.
Knowing the growth rate dr, the mass density ρ, and the composition of the films, allows to
determine the arrival rate of Ti atoms onto the substrate. The arrival rate is calculated by:
jd(β) = dr(β) · ρ · 1
M
(4.3)
The mass M of a TiO2 molecule is set to M = 79.90 · 1.66 · 10−27 kg ≈ 1.33 · 10−25 kg [96].
For a target to substrate distance of 0.15 m, the arrival rate in [atoms ·m−2] converts into
[0.0225 · atoms · sr−1]. Dividing the arrival rate jd by the total ion current that impinges
on the target Itarget, allows to determine the flux of sputtered particles per incident ion and
solid angle in the incidence plane of the impinging ions, i.e. the differential sputtering yield:(
dYd
dΩ
)
β
=
jd(β)
Itarget
(4.4)
The mean mass density of the deposited TiO2 films for the case of Ar/Xe bombardment of
the Ti and the TiO2 target was derived from the XRR measurements (see Section 4.4.5). The
mean mass densities were 3.65 g/cm3 for Ar on Ti, 3.74 g/cm3 for Ar on TiO2, 3.77 g/cm
3
for Xe on Ti, and 3.82 g/cm3 for Xe on TiO2. The total ion beam current impinging on
the target was determined from the current density distributions presented in Table 4.3,
by integration. In the case of oblique incidence, the tilt of the target has to be taken into
account. The total ion beam current onto the target for the main operation parameters is
presented in Table 4.7.
Table 4.7: Total ion beam current impinging on the target for main operation parameters.
Gas Eion [eV] α [
◦] jtarget [mA] Gas Eion [eV] α [◦] Itarget [mA]
Ar 500 30 5.52 Xe 500 30 7.71
Ar 1000 0 5.93 Xe 1000 0 7.39
Ar 1000 30 5.93 Xe 1000 30 7.39
Ar 1000 60 5.64 Xe 1000 60 7.14
Ar 1500 30 7.05 Xe 1500 30 7.17
Figure 4.12 shows the differential sputtering yield for the Ar bombardment of the Ti
target. Panels a), c), and e) show the influence of the ion energy for an incidence angle of
30 ◦ and an ion energy of 500 eV, 1000 eV, and 1500 eV, respectively. Panels b), d), and f)
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Figure 4.12: Differential sputtering yield of sputtered Ti atoms from the Ti Target by Ar
bombardment for a fixed incidence angle of 30 ◦ and an ion energy of a) 500 eV, c) 1000 eV,
and e) 1500 eV and for a fixed ion energy of 1000 eV and an incidence angle of b) 0 ◦, d) 30 ◦,
and f) 60 ◦.
show the influence of the incidence angle for an ion energy of 1000 eV and an incidence angle
of 0 ◦, 30 ◦, and 60 ◦, respectively. A superposition of two cosine functions was used as fitting
function:
Yd = Φiso + Φaniso = Φiso,0 · cos(β) + Φaniso,0 · cosg(β − β∗) (4.5)
It consists of an isotropic part Φiso, which is described by a cosine and a prefactor Φiso,0,
and an anisotropic part Φaniso, which is described by a overcosine with an exponent g, which
is tilted by an angle β∗ in forward direction, and a prefactor Φaniso,0. The basic idea to
use a combination of an isotropic and an anisotropic part as a fitting function goes back to
Figure 1.20 on page 25 in Ref. [2].
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Table 4.8: Best-fit parameters of Eq. 4.5 of the differential sputtering yield for the deposition
by Ar bombardment of the Ti target.
Gas Target Eion [eV] α [
◦] Φiso,0
[
atoms
ion · sr
]
Φaniso,0 [
atoms
ion · sr ]
Φiso,0
Φaniso,0
g β∗ [◦]
Ar Ti 500 30 0.014 0.049 0.29 4.3 59
Ar Ti 1000 30 0.031 0.090 0.34 3.3 57
Ar Ti 1500 30 0.046 0.099 0.46 2.9 56
Ar Ti 1000 0 0.014 0.017 0.82 3.7 59
Ar Ti 1000 30 0.031 0.090 0.34 3.3 57
Ar Ti 1000 60 0.049 0.13 0.38 3.6 46
The fitting parameters of the fitting functions depicted in Figure 4.12 are presented in
Table 4.8. From Figure 4.12 and Table 4.8 it becomes clear, that an increase in ion energy
and incidence angle leads to an increase of the differential sputtering yield, which is caused
by an increase of the overall sputtering yield. Furthermore, an increase in ion energy and
a decrease in incidence angle lead to an increase of the ratio Φiso,0/Φaniso,0, i.e. a tendency
towards a more isotropic emission of the sputtered Ti atoms. A higher ion energy and a
smaller incidence angle lead to a deposition of the kinetic energy of the impinging ions deeper
into the target. Consequently, the average number of collisions in the collision cascades will
increase. Longer collision cascades are more likely to lead to an isotropic distribution of the
sputtered Ti atoms, which is the ideal case described by Thompson (see Eq. 2.20).
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Figure 4.13: Ratio of the isotropic prefactor Φiso,0 to the anisotropic prefactor Φaniso,0 for all
ion-target combinations for a fixed incidence angle of a) 30 ◦ and for a fixed ion energy of b)
1000 eV.
Figure 4.13 depicts the ratio Φiso,0/Φaniso,0 for the main deposition parameters for all ion-
target combinations, i.e. Ar/Xe on Ti/TiO2. Panel a) shows the ratio Φiso,0/Φaniso,0 for a
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fixed incidence angle of 30 ◦ and panel b) for a fixed ion energy of 1000 eV. Figure 4.13 shows
an increase in Φiso,0/Φaniso,0 with increasing ion energy and decreasing incidence angle for all
ion-target combinations. From Figure 4.13 it also becomes clear, that the Ar bombardment
leads to a more isotropic emission compared to the Xe bombardment. Changing the target
from Ti to TiO2 also leads to a more isotropic emission for both ion species, with the
exception of Xe with an ion energy of 1000 eV and an incidence angle of 0 ◦ and for Ar with
an ion energy of 1000 eV and an incidence angle of 60 ◦. A higher degree of anisotropy for the
bombardment with Xe compared to Ar is in good agreement with the anisotropy criterion by
Stepanova and Dew (see Eq. 2.27). Since the anisotropy in the collision cascades is basically
caused by the conservation of momentum, a more hands-on explanation of this effect is, that
a Xe+ ion of the same kinetic energy as an Ar+ ion has more momentum. The more isotropic
emission from the TiO2 target compared to the Ti target can be explained by the increase
in the atomic density. In Figure 4.6 in Section 4.2.3, this increase in atomic density leads
to a deposition of the energy of the primary ions closer to the surface, but at the same time
does a higher atomic density lead to an increasing number of collisions in a cascade of the
same length and therefore, a more isotropic emission. This means, that the combination of
penetration depth of the primary ions and the atomic density has a major impact on the
degree of anisotropy of the emitted target particles.
Table 4.9: Total sputtering yield for normally incident ions with an ion energy of Eion =
1000 eV determined by integrating over the differential sputtering yield Yd.
Gas Target YTi [atom/ion]
Ar Ti 0.20
Ar TiO2 0.16
Xe Ti 0.13
Xe TiO2 0.14
The differential sputtering yield for the bombardment with normal incidence can be used
to estimated the total sputtering yield of the Ti atoms. The total sputtering yield is calcu-
lated by assuming the differential sputtering yield to be rotationally symmetric with respect
to the surface normal and integrating numerically over the half space. The results for all ion-
target combinations are presented in Table 4.9. For Ar bombardment, the total sputtering
yield is slighty lower for sputtering from the TiO2 target. For Xe bombardment, the total
sputtering yield is the same for both targets. This result confirms the prior assumption, that
the Ti target is mostly oxidized for the investigated sputtering conditions.
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4.3.4 Energy distribution of Ti+ ions
Figure 4.14 shows the energy distribution of the sputtered 48Ti+ ions for the bombardment
of the Ti target with Ar for the main deposition parameters. Panels a), c), and e) show the
influence of ion energy for a fixed incidence angle of 30◦, and panels b), d), and f) show the
influence of the incidence angle for a fixed ion energy of 1000 eV. All energy distributions in
Figure 4.14 show a broadening of the high-energetic tail with an increasing emission angle
β, as predicted by Goehlich et al. (see Eq. 2.21). Panels a), c), and e) show, that an
increase in ion energy leads to an increase in the signal intensity. The increase in ion energy
also leads to a more pronounced broadening, which is probably caused by the consequently
higher energy of Ti atoms that are sputtered by few collision cascades. However, it should be
kept in mind, that an increase in signal intensity might be falsly interpreted as a broadening
at first glance. In panels b), d), and f), lines that are plotted in the same color represent
energy distributions that are measured with the same scattering angle γ, which is realized by
different combinations of incidence α and emission angle β. Since the energy distributions
for the same scattering angle in panels b), d), and f) are almost identical, it becomes clear,
that the shape of the measured energy distributions rather depends on the choice of the
scattering angle than on the choice of the specific incidence and emission angle.
Figure 4.15 shows the energy distributions for the Ar bombardment of a) the Ti and b)
the TiO2 target for the representative case of an ion energy of 1000 eV and an incidence angle
of 60◦. Panels c) and d) present the corresponding results of the SDTrimSP simulations,
respectively. The energy distributions in Figure 4.15 are normalized in order to clarify the
influence of the sputtering parameters on the shape of the energy distributions, without
the influence of different signal intensities. Comparing the measured energy distributions in
panels a) and b) leads to the conclusion, that the energy distributions of the sputtered 48Ti+
ions are almost identical for the bombardment of the Ti and the TiO2 target. An obvious
deviation between the experimental results and the simulation is the lower energetic position
of the maximum and the much steeper slope of the energy distributions directly above the
maximum in the case of the simulated energy distributions. Since the SDTrimSP simulations
represent the energy distributions of all sputtered particles, this effect is probably due to
the energy dependence of the ionization rate of the sputtered Ti+ ions. As already shown
in Figure 2.7 in Section 2.2.2, the energy dependent ionization rate leads to a broadening
of the energy distribution of the ionized sputtered species compared to the neutrals and a
corresponding shift of the position of the low energetic maximum. Another striking difference
between the measured energy distributions and the simulation results is the appearance of
distinct features in the simulated energy distributions, which can be related to Ti atoms
that are emitted by a single collision. In panel c) of Figure 4.15 these features can be found
e.g. at roughly 220 eV for β = 60◦ and 380 eV for β = 70◦. The calculated energies of
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Figure 4.14: Experimental energy distribution of the sputtered 48Ti+ ions during the sput-
tering from the Ti target under Ar bombardment. The energy distributions are shown for a
fixed incidence angle of 30◦ and an ion energy of a) 500 eV, c) 1000 eV, and e) 1500 eV and
for a fixed ion energy of 1000 eV and an incidence angle of b) 0◦, d) 30◦, and f) 60◦.
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Figure 4.15: Normalized experimental energy distributions of the sputtered 48Ti+ ions during
the sputtering from a) the Ti and b) the TiO2 target under Ar bombardment for an ion energy
of 1000 eV and an incidence angle of 60◦. The corresponding normalized simulation results
of the SDTRimSP simulations are presented in panel c) for a Ti target with a 0.5 nm thick
top layer of TiO2 and in panel d) for a pure TiO2 target.
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directly sputtered Ti atoms according to the simple model of an elastic binary collision in
Section 2.1, for a surface binding energy of 8.12 eV, fit these values quite well, with 213 eV
for β = 60◦ and 375 eV for β = 70◦. These distinct features could not be observed in the
measured energy distributions, as they seem to be superimposed by the high-energetic tail.
This might be due to the spread of the energy distribution of the impinging ions, the signal
noise of the ESMS, and the scattering of sputtered 48Ti+ ions on the real, not perfectly
smooth, target surface.
Figure 4.16 shows the corresponding energy distributions for the Xe bombardment of a)
the Ti and b) the TiO2 target with the respective simulation results presented in panels c)
and d). The energy distributions for the Xe bombardment show the same broadening with
an increase in the emission angle. Again, there is almost no difference in the high-energetic
tail of the energy distributions between the Xe bombardment of the Ti and the TiO2 target.
A striking difference between the energy distributions for the Ar and the Xe bombardment is
the less pronounced broadening for the Xe bombardment. The reason lies in the less effective
energy transfer in an elastic binary collision between Xe and Ti compared to Ar and Ti. The
less effective energy transfer is also observable in the position of the distinct features in the
simulated energy distributions in panels c) and d) in Figure 4.16, which are found at roughly
170 eV for β = 60◦ and 300 eV for β = 70◦. The model of an elastic binary collision predicts
corresponding values of 161 eV for β = 60◦ and 287 eV for β = 70◦ for a surface binding
energy of 8.12 eV. Again, the energy dependence of the ionization probability seems to be the
main cause of the deviations between the simulated and the measured energy distributions.
Although only presented for the Ar bombardment of the Ti target in Figure 4.14, the
choice of the scattering angle was observed to be the most influential parameter for the shape
of the energy distribution of the sputtered 48Ti+ ions for all four ion-target combinations.
This is not only valid for the sputtered 48Ti+, but actually for all measured secondary ions.
The least influential parameter seems to be the choice of the target.
Figure 4.17 depicts the mean energy of the sputtered Ti particles, calculated from the
simulated energy distributions, for the representative case of an ion energy of 1000 eV and
an incidence angle of 60◦, plotted as a function of the scattering angle γ, for all ion-target
combinations. Figure 4.17 summarizes the behavior of the energy distribution of the sput-
tered Ti particles, i.e. the mean energy increases with decreasing scattering angle and the
more effective energy transfer between Ar and Ti compared to Xe and Ti leads to a higher
mean energy for the Ti particles that are sputtered due to Ar bombardment. According
to the simulation results presented in Figure 4.17, the mean energy is for both Ar and Xe
bombardment slightly higher for the bombardment of the TiO2 compared to the Ti target,
especially for small scattering angles. However, this effect does not occur for all simulated
deposition parameters and could not be observed in the measured energy distributions.
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Figure 4.16: Normalized experimental energy distributions of the sputtered 48Ti+ ions during
the sputtering from a) the Ti and b) the TiO2 target under Xe bombardment for an ion energy
of 1000 eV and an incidence angle of 60◦. The corresponding normalized simulation results
of the SDTRimSP simulations are presented in panel c) for a Ti target with a 0.5 nm thick
top layer of TiO2 and in panel d) for a pure TiO2 target
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Figure 4.17: Mean energy of the sputtered Ti atoms calculated from the SDTrimSP simula-
tions for an ion energy of 1000 eV and an incidence angle of 60◦ plotted over the scattering
angle γ for all ion-target combinations, i.e. Ar on Ti, Ar on TiO2, Xe on Ti, and Xe on
TiO2.
4.3.5 Energy distribution of TiO+ ions
Figure 4.18 depicts the normalized energy distributions of the TiO+ (64 amu) ions for the
bombardment of a) the Ti and b) the TiO2 target with Ar and for the bombardment of c)
the Ti and d) the TiO2 target with Xe. The experimental data are not compared to any
simulation results, since SDTrimSP does not allow the simulation of sputtered molecules.
The influence of an increasing ion energy and an increase in the emission angle on the
energy distribution of the TiO+ (64 amu) ions is very similar to the behavior of the sputtered
Ti+ (48 amu) ions shown in Figure 4.14. This holds for all four ion-target combinations and
is therefore not presented here. An obvious difference to the energy distributions of the
48Ti+ ions is the less pronounced high-energetic tail and the much weaker influence of the
emission angle, i.e. the scattering angle, on the shape of the energy distributions.
The dominating process responsible for the formation of the TiO+ ions remains unclear,
as already mentioned in Section 4.3.1. A manifold of different theories on the formation of
sputtered clusters exists in the literature (see e.g. Ref. [98]). In the single collision process, a
pre-formed molecule is emitted by a single collision with a recoil, while in the double collision
process, two nearby target atoms are emitted simultaneously with only small relative energy
[98]. MD simulations revealed that another formation mechanism is the emission of so
called nascent clusters, which are weakly bound to the surface. These nascent clusters tend
to dissociate into smaller clusters and single atoms shortly after their emission [99]. An
alternative reaction path for the formation of a TiO+ molecule is the reaction of a sputtered
Ti atom with the oxygen in the residual gas. Independent of the formation process of the
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Figure 4.18: Normalized experimental energy distribution of the TiO+ (64 amu) ions for
the repesentative case of an ion energy of 1000 eV and an incidence angle of 60◦ for the
bombardment of a) the Ti and b) the TiO2 target with Ar and for the bombardment of c)
the Ti and d) the TiO2 target with Xe.
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TiO+ molecules, part of the kinetic energy can be transfered into rotational and vibrational
energy, reducing the measured kinetic energy of the TiO+ molecule [98]. A higher kinetic
energy also increases the probability of the TiO+ molecule to dissociate directly after its
formation. The less pronounced high-energetic tail of the TiO+ ions is tentatively assigned
to these two effects.
Switching from the Ti to the TiO2 target, has only a minor effect on the energy distri-
butions for Ar and Xe bombardment. Changing the sputter gas from Ar to Xe leads to a
slightly stronger pronounced high energetic tail for both targets. Overall it can be stated,
that the shape of the TiO+ (64 amu) energy distributions is rather unaffected by the choice
of the sputter gas and the target. The origin of the double peak structure at low energies
in panel a) of Figure 4.18 remains unclear. It is tentatively assigned to the influence of the
energy dependence of the ionization probability, since it can lead to the formation of a double
peak structure as can be seen in panel b) of Figure 2.7 in Section 2.2.2 for an emission angle
β of 60◦.
4.3.6 Energy distribution of O+/O+2 ions
Figure 4.19 shows the normalized energy distributions of the secondary O+ ions for the Ar
bombardment of a) the Ti and b) the TiO2 target for the representative case of an ion energy
of 1000 eV and an incidence angle of 60◦. Panels c) and d) present the corresponding results
of the SDTrimSP simulations.
The energy distributions for the bombardment of the Ti and the TiO2 target are very
similar. Both show a low-energetic maximum that is followed by a high-energetic tail, which
is more pronounced for an increasing emission angle. But in the case of the TiO2 target, the
relative intensity of the high-energetic tail is lower. The simulation results in panels c) and
d) basically show the same picture. The most striking differences, compared to the measured
energy distributions, are the lower energetic position of the maximum and the appearance of
the distinct features around 190 eV for β = 60◦, 320 eV for β = 70◦, and 460 eV for β = 80◦,
which can be assigned to the direct sputtering of O atoms by impinging Ar+ ions. The
calculated energies of directly sputtered O atoms according to the model of an elastic binary
collision are 183 eV for β = 60◦, 315 eV for β = 70◦, and 450 eV for β = 80◦ for a surface
binding energy of 5.16 eV.
Figure 4.20 shows the corresponding energy distributions of the secondary O+ ions for
Xe bombardment. The energy distributions of the secondary O+ ions show the same broad-
ening with an increasing emission angle as observed for the Ar bombardment, but the high-
energetic tail is less pronounced. This effect is caused by the less effective energy transfer
between 132Xe and 16O, with a maximum transferable energy µ of 0.39 ·E0, compared to the
energy transfer between 40Ar and 16O, with a µ of 0.82 ·E0. This less effective energy transfer
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Figure 4.19: Normalized experimental energy distributions of the sputtered 16O+ ions during
the sputtering from a) the Ti and b) the TiO2 target under Ar bombardment for an ion energy
of 1000 eV and an incidence angle of 60◦. The corresponding normalized simulation results
of the SDTRimSP simulations are presented in panels c) and d).
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Figure 4.20: Normalized experimental energy distributions of the sputtered 16O+ ions during
the sputtering from a) the Ti and b) the TiO2 target under Xe bombardment for an ion energy
of 1000 eV and an incidence angle of 60◦. The corresponding normalized simulation results
of the SDTRimSP simulations are presented in panels c) and d).
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Figure 4.21: Mean energy of the sputtered O atoms calculated from the SDTrimSP simula-
tions for an ion energy of 1000 eV and an incidence angle of 60◦ plotted over the scattering
angle γ for all ion-target combinations, i.e. Ar on Ti, Ar on TiO2, Xe on Ti, and Xe on
TiO2.
is also observable in the positions of the features related to the directly sputtered O atoms
in the simulation results in panels c) and d) in Figure 4.20. These features are found roughly
at 80 eV for β = 60◦, 140 eV for β = 70◦, and 210 eV for β = 80◦. The binary collision
calculations predicts corresponding energies of 73 eV for β = 60◦, 136 eV for β = 70◦, and
198 eV for β = 80◦ for a surface binding energy of 5.16 eV.
Compared to the energy distributions of the sputtered Ti+ ions in Section 4.3.4, the
energy distributions of the secondary O+ ions show a pronounced low-energetic maximum,
which falls off rather abrupt. This intense low-energetic maximum might be due to the O+
ions that are formed by charge exchange collisions of the secondary ions with the residual
gas or might hint that the ionization probability of the O+ has a much weaker dependence
on the velocity, with which it is emitted, than for the Ti+ ions.
Figure 4.21 depicts the mean energy the sputtered O particles, calculated from the sim-
ulated energy distributions, for the representative case of an ion energy of 1000 eV and an
incidence angle of 60◦, plotted as a function of the scattering angle γ, for all ion-target com-
binations. Figure 4.21 summarizes the behavior of the energy distribution of the sputtered
O particles, i.e. the mean energy increases with decreasing scattering angle and the more
effective energy transfer between Ar and O compared to Xe and O leads to a higher mean
energy for the O particles that are sputtered due to Ar bombardment. The mean energies
of the sputtered O particles for the bombardment of the Ti and the TiO2 target are almost
identical.
Figure 4.22 shows the energy distributions of the secondary O+2 ions for the Ar bombard-
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ment of a) the Ti and b) the TiO2 target and for the Xe bombardment of c) the Ti and d) the
TiO2 target for the representative case of an ion energy of 1000 eV and an incidence angle
of 60◦. Again there are no SDTrimSP simulations to compare with the measured energy
distributions of these molecular ions. No clear correlation between the emission angle and
the shape of the energy distributions of the O+2 ions was found. This leads to the conclusion,
that the O+2 ions probably originate from the residual gas and are ionized by collisions with
the backscattered and sputtered particles.
0 1 0 0 2 0 0 3 0 0 4 0 0 5 0 0
1 0 - 4
1 0 - 3
1 0 - 2
1 0 - 1
1 0 0
1 0 1
1 0 2
1 0 3
1 0 4 A r  → T i ;  E i o n  =  1 . 0  k e V ;  α =  6 0 ° ;    β  =    0 °  β  =  3 0 °  β  =  6 0 °    β  =  1 0 °  β  =  4 0 °  β  =  7 0 °    β  =  2 0 °  β  =  5 0 °  β  =  8 0 °       
Cou
nt ra
te [no
rm. 
u.]
E  [ e V ]
a )
0 1 0 0 2 0 0 3 0 0 4 0 0 5 0 0
1 0 - 4
1 0 - 3
1 0 - 2
1 0 - 1
1 0 0
1 0 1
1 0 2
1 0 3
1 0 4 A r  → T i O 2 ;  E i o n  =  1 . 0  k e V ;  α =  6 0 ° ;    β  =    0 °  β  =  3 0 °  β  =  6 0 °    β  =  1 0 °  β  =  4 0 °  β  =  7 0 °    β  =  2 0 °  β  =  5 0 °  β  =  8 0 °       
Cou
nt ra
te [no
rm. 
u.]
E  [ e V ]
b )
0 1 0 0 2 0 0 3 0 0 4 0 0 5 0 0
1 0 - 4
1 0 - 3
1 0 - 2
1 0 - 1
1 0 0
1 0 1
1 0 2
1 0 3
1 0 4 X e  → T i ;  E i o n  =  1 . 0  k e V ;  α =  6 0 ° ;    β  =    0 °  β  =  3 0 °  β  =  6 0 °    β  =  1 0 °  β  =  4 0 °  β  =  7 0 °    β  =  2 0 °  β  =  5 0 °  β  =  8 0 °
Cou
nt ra
te [no
rm. 
u.]
E  [ e V ]
c )
0 1 0 0 2 0 0 3 0 0 4 0 0 5 0 0
1 0 - 4
1 0 - 3
1 0 - 2
1 0 - 1
1 0 0
1 0 1
1 0 2
1 0 3
1 0 4 X e  → T i O 2 ;  E i o n  =  1 . 0  k e V ;  α =  6 0 ° ;    β  =    0 °  β  =  3 0 °  β  =  6 0 °    β  =  1 0 °  β  =  4 0 °  β  =  7 0 °    β  =  2 0 °  β  =  5 0 °  β  =  8 0 °
Cou
nt ra
te [no
rm. 
u.]
E  [ e V ]
d )
Figure 4.22: Normalized experimental energy distributions of the sputtered O+2 (32 amu)
ions during the sputtering from a) the Ti and b) the TiO2 target under Ar bombardment
and from c) the Ti and d) the TiO2 target under Xe bombardment for an ion energy of
1000 eV and an incidence angle of 60◦.
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4.3.7 Energy distribution of Ar+/Xe+ ions
Figure 4.23 depicts the normalized energy distributions of the secondary Ar+ (40 amu) ions
for the bombardment of a) the Ti and b) the TiO2 target with Ar and of the secondary Xe
+
(132 amu) ions for the bombardment of c) the Ti and d) the TiO2 target with Xe.
All energy distributions in Figure 4.23 show a low-energetic maximum. For an emission
angle β < 30◦, i.e. an scattering angle γ > 90◦, the low energetic maximum is not followed
by any high-energetic features. For an increasing emission angle, i.e. decreasing scattering
angle, a high-energetic shoulder starts to develop. This high-energetic shoulder is shifting
towards higher energies with decreasing scattering angle. At scattering angles γ < 70◦ this
high-energetic shoulder turns into a broad peak. The center position of this broad peak is
the same for the bombardment with Ar and Xe at the same scattering angle. The center
position of the broad peak in panel a) is found roughly at 100 eV for β = 50◦, 220 eV for
β = 60◦, and 360 eV for β = 70◦ and in panel c) at 110 eV for β = 50◦, 220 eV for β = 60◦,
and 370 eV for β = 70◦. In the case of an elastic binary collision between Ar and Ar or
between Xe and Xe, the elastic binary collision predicts corresponding energies of 117 eV
for β = 50◦, 250 eV for β = 60◦, and 414 eV for β = 70◦. Since the energetic positions of
the broad peaks of the backscattered Ar+ and Xe+ ions coincide, these ions can be related
to the direct scattering between an impinging Ar+ or Xe+ ion with an Ar or Xe particle,
which was implanted beforehand, respectively. Since the mass of both collision partners is
identical, the energy of both collision partners is also identical for a given scattering angle,
i.e. the broad peak contains Ar or Xe ions that are either directly backscattered or directly
sputtered by a single collision with another Ar or Xe atom, respectively.
In the case of Ar bombardment, the broad peak is followed by a high-energetic tail,
which is not observed for the Xe bombardment. The calculated energies for an elastic binary
collision between Ar and Ti predict corresponding energies of 284 eV for β = 50◦, 366 eV
for β = 60◦, and 448 eV for β = 70◦. In the case of Xe bombardment, scattering of Xe
particles by a single collision with a Ti particle is only possible for a scattering angle γ < 21◦
according to Eq. 2.10. For an incidence angle of α = 60◦ a scattering angle γ < 21◦ refers to
an emission angle β > 99◦. Therefore, the direct scattering of Xe on Ti is not possible in the
observed range of emission angles in Figure 4.23. The high-energetic tail above these broad
peaks for the Ar bombardment is probably caused by the direct scattering of an impinging
Ar+ ion with a Ti particle. Similar energy distributions were already observed in earlier
investigations [25, 26, 27] for the ion beam sputtering with Ar and Xe from a Ag and a Ge
target.
Figure 4.24 shows the simulation results for the sputtered Ar and Xe particles. The
normalized energy distributions for Ar bombardment are depicted in panel a) for the Ti and
in panel b) for the TiO2 target. For Xe bombardment, the normalized energy distributions
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Figure 4.23: Normalized experimental energy distribution of the Ar+ (40 amu) ions for the
bombardment of a) the Ti and b) the TiO2 target with Ar and of the Xe
+ (132 amu) ions
for the bombardment of c) the Ti and d) the TiO2 target with Xe.
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Figure 4.24: Normalized energy distribution from the SDTrimSP simulation of the sputtered
Ar particles for the bombardment of a) the Ti and b) the TiO2 target with Ar and of the
sputtered Xe particles for the bombardment of c) the Ti and d) the TiO2 target with Xe.
are depicted in panel c) for the Ti and in panel d) for the TiO2 target. All energy distributions
in Figure 4.24 show a low-energetic maximum, which is followed by an abrupt decrease in
intensity. This low-energetic maximum is followed by a high-energetic tail, which becomes
broader with increasing emission angle, i.e. decreasing scattering angle. This high-energetic
tail can be related to the Ar and Xe particles that are emitted by single collisons or few
collision cascades.
All energy distributions in Figure 4.24 look very similar, but the energy distributions
are broader in the case of Ar bombardment compared to Xe bombardment, especially for
emission angles β < 60◦, i.e. an scattering angle γ > 60◦. The particles of the high-energetic
tail, which are emitted under a scattering angle γ > 60◦, are mostly emitted by few collision
cascades and not single collisions, i.e. mostly collisions with Ti and O particles. The more
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Figure 4.25: Normalized energy distribution from the SDTrimSP simulation of the backscat-
tered Ar particles for the bombardment of a) the Ti and b) the TiO2 target with Ar and
of the backscattered Xe particles for the bombardment of c) the Ti and d) the TiO2 target
with Xe.
efficient energy transfer between Ar and Ti/O compared to the energy transfer between
Xe and Ti/O leads to a higher energy and therefore broader energy distribution of the
sputtered Ar particles. For scattering angles γ < 60◦, the high-energetic tail for the Ar and
Xe bombardment becomes almost identical, leading to the conclusion, that single collision
processes are dominating if γ < 60◦. A second effect is the higher penetration depth of the
impinging Xe compared to that of Ar, leading to a generation of collision cascades deeper in
the target, resulting in longer collision cascades and therefore lower energies of the sputtered
Xe particles.
Figure 4.25 shows the simulation results for the backscattered Ar and Xe particles. The
normalized energy distributions for Ar bombardment are depicted in panel a) for the Ti
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Figure 4.26: Mean energy of the backscattered Ar/Xe primary atoms calculated from the
SDTrimSP simulations for an ion energy of 1000 eV and an incidence angle of 60◦ plotted
over the scattering angle γ for all ion-target combinations, i.e. Ar on Ti, Ar on TiO2, Xe on
Ti, and Xe on TiO2.
and in panel b) for the TiO2 target. For Xe bombardment, the normalized energy distribu-
tions are depicted in panel c) for the Ti and in panel d) for the TiO2 target. The energy
distributions of the backscattered primary Ar and Xe particles are very similar to the en-
ergy distributions of the sputtered Ar and Xe particles in Figure 4.24, but the low-energetic
maximum has a much smaller intensity in relation to the high-energetic tail. Again the high-
energetic tail is less pronounced for the Xe bombardmet compared to the Ar bombardment.
The reason lies in the higher penetration depth of the Xe and the less effective backscatter-
ing, since Xe is not directly backscattered by a collision with Ti in the observed range of
scattering angles.
Figure 4.26 depicts the mean energy of the backscattered Ar and Xe particles, calculated
from the simulated energy distributions, for the representative case of an ion energy of
1000 eV and an incidence angle of 60◦, plotted as a function of the scattering angle γ, for
all ion-target combinations. Figure 4.26 summarizes the behavior of the energy distribution
of the backscattered Ar and Xe particles, i.e. the mean energy increases with decreasing
scattering angle and the more effective backscattering of Ar compared to Xe leads to a higher
mean energy for the backscattered Ar particles. The mean energies of the backscattered
primary particles for the bombardment of the Ti and the TiO2 target are almost identical.
The rather drastic increase of the mean energy compared to the other secondary particles
originates from the relatively high energies of the directly backscattered primary particles.
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4.4 Properties of TiO2 films
This section is dedicated to the properties of the deposited TiO2 films. It describes the
influence of the process parameters on the deposition rate, crystallinity, composition, surface
roughness, optical properties, and mass density of the TiO2 films.
4.4.1 Film thickness and deposition rate
The thickness of the deposited TiO2 films was determined from the SE measurements. The
film thickness can also be deduced from the XRR measurements. The two methods showed
good agreement, with a mean deviation of about ±1 nm.
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Figure 4.27: Thickness of the TiO2 films for sputtering with Ar and a fixed incidence angle
of 30◦ in panel a) and a fixed ion energy of 1000 eV in panel b) for both targets. Panels c)
and d) show the corresponding film thickness for sputtering with Xe, respectively.
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Figure 4.28: The maximum film thickness for all ion-target combinations and main process
parameters is depicted in panel a) for a fixed incidence angle of 30◦ and in panel b) for a
fixed ion energy of 1000 eV for Ar bombardment. Panels c) and d) show the corresponding
deposition rates for Xe bombardment.
Figure 4.27 shows the thickness of the TiO2 films as a function of the emission angle
for the main process parameters and all ion/target combinations. The deposition time was
chosen such that it results in a maximum film thickness between 50 nm and 150 nm, in
order to achieve a good comparability between the films deposited with different process
parameters. The maximum film thicknesses are in the anticipated range.
Figure 4.28 displays the maximum deposition rate dr,max of the TiO2 films as a function
of the ion energy or the incidence angle for the main process parameters and all ion/target
combinations. From Figure 4.28 it becomes clear, that the deposition rate increases with
increasing ion energy and increasing incidence angle, which is caused by the well-known
dependency of the sputtering yied. The deposition rate is also higher for the bombardment
with Xe compared to the bombardment with Ar.
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4.4.2 Crystallinity
The crystallinity of selected TiO2 films was determined by XRD measurements. Figure 4.29
depicts a representative GID measurement of a TiO2 film, which was deposited from the Ti
target under Ar bombardment with an ion energy of 1000 eV, an incidence angle of 60◦, and
an emission angle of 40◦ and a GID measurement of the bare substrate.
In addition to the typical decay of the signal intensity with the detection angle, the GID
measurement in Figure 4.29 shows two broad shoulders around 27◦ and 52◦ and a single
sharp peak around 26.5◦, which is of low intensity. The small peak around 26.5◦ can be
assigned to the Si substrate, since it also appears for the bare Si substrate. None of the GID
measurements revealed any other peaks, leading to the conclusion, that the deposited TiO2
films are X-ray amorphous.
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Figure 4.29: Representative GID measurement of a TiO2 film deposited from the Ti target
by Ar bombardment (blue) with an ion energy of 1000 eV, an incidence angle of 60◦, and an
emission angle of 40◦ and a reference measurement of the bare substrate on the backside of
the sample (black).
This result is not surprising since TiO2 films that are deposited on unheated substrates
by reactive PVD methods are usually amorphous. Amorphous TiO2 films were also reported,
e.g. for electron-beam physical vapor deposition (EBPVD) [100, 101], pulsed laser deposition
(PLD) [102], MS [7, 103], IBSD [24], ion assisted EBPVD [100, 101], and ion beam assisted
magnetron sputtering [104].
In magnetron sputtering, often a competitive growth between small anatase and rutile
grains is observed [7]. Decreasing the working pressure or biasing the substrate leads to
higher energies of the particles bombarding the growing film and promotes the growth of
rutile [105, 106, 107, 108, 109, 110]. Post deposition annealing has a similar effect. It leads
to a preferred growth of the anatase phase in a temperature range from 200◦ to 600◦ and
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Figure 4.30: Phase diagram for the deposition of TiO2 films with different PVD methods,
reproduced from [7].
promotes the transformation of anatase into rutile above 700◦ [7, 103, 24, 104]. In consistency
with annealing experiments, deposition temperatures above 600◦ again promote the growth
of the rutile phase [111].
Lo¨bl et al. have summarized these findings and proposed a phase diagram for the deposi-
tion of TiO2 films, which describes the influence of the substrate temperature and the energy
of the particles impinging on the substrate on the phase of TiO2 films. A reproduction of
this diagram is depicted in Figure 4.30. According to Figure 4.30, the TiO2 films deposited
in this work should be at least partially crystalline, since secondary ions with energies well
above 10 eV impinge on the growing films. Therefore, the deposited films might contain
small grains of the anatase or rutile phase, although no periodic crystalline structures were
observed.
4.4.3 Composition
The composition of the TiO2 films was determined by RBS measurements. Figure 4.31 shows
two representative spectra. Panel a) depicts a spectrum of a TiO2 film, which was deposited
by Ar bombardment of the TiO2 target, and panel b) depicts a spectrum of a TiO2 film,
which was deposited by Xe bombardment of the Ti target. Both spectra clearly indicate
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Figure 4.31: Representative RBS spectra of a TiO2 film deposited by a) Ar bombardment
of the TiO2 target with an ion energy of 1000 eV, an incidence angle of 60
◦, and an emission
angle of 30◦ and by b) Xe bombardment of the Ti target with an ion energy of 1000 eV, an
incidence angle of 60◦, and an emission angle of 30◦.
implanted Ar or Xe atoms.
Figure 4.32 shows the ratio between the O and Ti concentration in the deposited TiO2
films as a function of the scattering angle. The ratio O/Ti for the Ar bombardment of the
Ti and the TiO2 target are shown in panel a) for a fixed incidence angle of 30
◦ and in panel
b) for a fixed ion energy of 1000 eV. Panels c) and d) show the corresponding O/Ti ratio for
the Xe bombardment. The relative uncertainty of the O and Ti concentration is 3% each,
leading to a relative uncertainty of 6% for the O/Ti ratio. The O/Ti ratio of 2.0 in the
case of stoichiometric TiO2 is within the relative error of the determined O/Ti ratios. In
addition, no systematic behavior in the O/Ti ratio was observed. Therefore, the films are
considered to be stoichiometric.
Figure 4.33 depicts the concentration of implanted primary particles in the deposited
TiO2 films as a function of the scattering angle. The Ar concentration for the Ar bombard-
ment of the Ti and the TiO2 target are shown in panel a) for a fixed incidence angle of 30
◦
and in panel b) for a fixed ion energy of 1000 eV. Panels c) and d) show the corresponding
Xe concentration for the Xe bombardment.
For all process parameters, the concentration of the implanted primary particles increases
with decreasing scattering angle. The ion energy and the incidence angle only have a minor
influence on the amount of implanted primary particles. The concentration of implanted
Ar reaches up to 4%, while the highest measured concentration of implatend Xe was 3%.
The increase of the primary particle concentration with decreasing scattering angle and the
higher amount of implanted primary particles for Ar compared to Xe can be explained by
86 CHAPTER 4. RESULTS AND DISCUSSION
3 0 6 0 9 0 1 2 0 1 5 0 1 8 0
1 . 8
2 . 0
2 . 2
2 . 4
2 . 6
γ [ ° ]
X O/
X Ti
A r  → T i / T i O 2 ;  α =  3 0 ° ;/  E i o n  =    5 0 0  e V  /  E i o n  =  1 0 0 0  e V  /  E i o n  =  1 5 0 0  e V
a )
3 0 6 0 9 0 1 2 0 1 5 0 1 8 0
1 . 8
2 . 0
2 . 2
2 . 4
2 . 6
A r  → T i / T i O 2 ;  E i o n  =  1 0 0 0  e V ;
/  α =    0 °  
/  α =  3 0 °  
/  α =  6 0 °
X O/
X Ti
b )
γ [ ° ]
 
3 0 6 0 9 0 1 2 0 1 5 0 1 8 0
1 . 8
2 . 0
2 . 2
2 . 4
2 . 6 X e  → T i / T i O 2 ;  α =  3 0 ° ;/  E i o n  =    5 0 0  e V  /  E i o n  =  1 0 0 0  e V  /  E i o n  =  1 5 0 0  e V
X O/
X Ti
c )
γ [ ° ]
3 0 6 0 9 0 1 2 0 1 5 0 1 8 0
1 . 8
2 . 0
2 . 2
2 . 4
2 . 6
X e  → T i / T i O 2 ;  E i o n  =  1 0 0 0  e V ;
/  α =    0 °  
/  α =  3 0 °  
/  α =  6 0 °
X O/
X Ti
d )
γ [ ° ]
Figure 4.32: Ratio of the O and Ti concentration of the TiO2 films as a function of the
scattering angle for Ar bombardment for a) a fixed incidence angle of 30◦ and for b) a fixed
ion energy of 1000 eV. Panels c) and d) show the corresponding O/Ti ratio for the Xe
bombardment.
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Figure 4.33: Ar concentration of the TiO2 films as a function of the scattering angle for Ar
bombardment for a) a fixed incidence angle of 30◦ and for b) a fixed ion energy of 1000 eV.
Panels c) and d) show the corresponding Xe concentration for the Xe bombardment.
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the effect of direct backscattering. According to Rutherford [112] the Coulomb interaction
between a resting atom and a moving atom leads to a decrease of the differential scattering
proportional to sin−4(γ/2) (see Eq. 3.10), i.e. the amount of directly scattered Ar/Xe
increases with decreasing scattering angle. In addition, a decreasing scattering angle leads
to an increasing energy of the directly scattered primary particles, which results in a higher
trapping efficiency (see Section 2.1.5). Another effect is the scattering of Ar by a single
collision with Ti, which is for Xe only possible for a scattering angle γ < 21◦, i.e. more
Ar particles are scattered compared to Xe and with higher energies, which was already
described in Section 4.3.7. The results depicted in Figure 4.33 support this conclusion, since
more Ar is implanted into the growing TiO2 films compared to Xe. The kinetic energy of the
backscattered primary particles is proportional to their kinetic energy before the scattering
process (see Section 2.1.4).
The results in 4.33 reveal that the kinetic energy of the impinging ions only has a mi-
nor effect, leading to the conclusion, that rather the flux than the kinetic energy of the
backscattered primary particles determines the amount of implanted primary particles in
the observed energy regime.
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Figure 4.34: Representative AFM scan of a TiO2 film, which was deposited by Ar bom-
bardment of the Ti target with an ion energy of 1000 eV, an incidence angle of 60◦, and an
emission angle of 70◦.
4.4.4 Surface roughness
The root mean square (RMS) roughness of the deposited TiO2 films was determined by
AFM. Figure 4.34 shows a representative AFM scan of a TiO2 film, which was deposited by
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Ar bombardment of the Ti target with an ion energy of 1000 eV, an incidence angle of 60◦,
and an emission angle of 70◦. The corresponding RMS roughness was 0.11 nm. From Figure
4.34 it becomes clear, that the films are smooth and do not show any periodic structures.
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Figure 4.35: RMS roughness of the TiO2 films as a function of the scattering angle for Ar
bombardment for a) a fixed incidence angle of 30◦ and for b) a fixed ion energy of 1000 eV.
Panels c) and d) show the corresponding RMS roughness for the Xe bombardment.
Figure 4.35 shows the RMS roughness of the TiO2 films as a function of the scattering
angle. The RMS roughness for the Ar bombardment of the Ti and the TiO2 target is shown in
panel a) for a fixed incidence angle of 30◦ and in panel b) for a fixed ion energy of 1000 eV.
Panels c) and d) show the corresponding RMS roughness for the Xe bombardment. The
RMS roughness of the TiO2 films decreases with decreasing scattering angle for all ion-target
combinations and is typically < 0.2 nm, which is in the order of magnitude of the surface
roughness of the Si substrates. The TiO2 films that were deposited by Ar bombardment show
a smoother surface compared to the TiO2 films that were deposited by Xe bombardment.
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The smoothing effect with decreasing scattering angle can be explained by the increasing
mean energy of the secondary particles. Ion bombardment of a surface often leads to a
roughening, due to non-uniform sputtering processes, but the energy transfer from the im-
pinging secondary particles, e.g. the backscattered Ar/Xe, can induce smoothing processes
like enhanced surface diffusion or ballistic transport processes [113].
Crystallization of amorphous TiO2 films by post-annealing usually leads to an increase
in the RMS roughness. This was for example observed for TiO2 films deposited by PLD
[102], IBSD [24], and ion-beam assisted magnetron sputtering [104]. In all three cases an
increase of an initial RMS roughness < 1.0 nm to values up to 3.3 nm was observed. The
fact, that the presented data show a systematic smoothing with decreasing scattering angle,
i.e. inceasing energy of the secondary particles, is another indication that the bombardment
with energetic ions does not suffice to induce a crystallization of the TiO2 films.
4.4.5 Mass density
The mass density of the TiO2 films was determined by XRR measurements. Figure 4.36
shows a representative XRR measurement of a TiO2 film, which was deposited by Ar bom-
bardment of the TiO2 target with an ion energy of 1000 eV, an incidence angle of 60
◦, and
an emission angle of 60◦. Above an incidence angle θ of the X-rays of roughly 0.24◦, the
XRR measurement in Figure 4.36 shows the typical decay and interference patterns, which
contain information about the thickness and mass density of the investigated film.
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Figure 4.36: Representative XRR measurement of a TiO2 film, which was deposited by Ar
bombardment of the TiO2 target with an ion energy of 1000 eV, an incidence angle of 60
◦,
and an emission angle of 60◦.
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Figure 4.37: Mass density of the TiO2 films as a function of the scattering angle for Ar
bombardment for a) a fixed incidence angle of 30◦ and for b) a fixed ion energy of 1000 eV.
Panels c) and d) show the corresponding mass density for the Xe bombardment.
Figure 4.37 shows the mass density of the TiO2 films as a function of the scattering
angle. The mass density for the Ar bombardment of the Ti and the TiO2 target is shown in
panel a) for a fixed incidence angle of 30◦ and in panel b) for a fixed ion energy of 1000 eV.
Panels c) and d) show the corresponding mass density for the Xe bombardment. At first
glance, the mass density data in Figure 4.37 do not seem to show a systematic behavior.
A closer look at selected mass density curves, e.g. for the bombardment of the Ti target
with Ar with an ion energy of 1000 eV and an incidence angle of 60◦, reveals that the mass
density at first increases with decreasing scattering angle and then decreases again after it
reaches a maximum. For Ar bombardment, the maximum is usually found at scattering
angles around γ = 120◦. In the case of Xe bombardment, this maximum is rather a plateau,
which decreases eventually for scattering angles γ ≤ 90◦.
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Figure 4.38: Correlation between the amount of implanted primary particles in the deposited
TiO2 films and the mass density for all measured films in panel a) and for scattering angles
γ ≤ 120◦ for Ar and γ ≤ 90◦ for Xe bombardment in panel b). The solid line in panel b) is
a guide to the eye.
Figure 4.38 a) depicts the mass density as a function of the atomic percentage of the
implanted primary particles for all measured TiO2 films. Panel b) only depicts the values of
the mass density for scattering angles γ ≤ 120◦ for Ar and γ ≤ 90◦ for Xe bombardment, i.e.
for a decreasing mass density with decreasing scattering angle. Figure 4.38 a) reveals that
the mass density does not show a correlation to the amount of implanted primary particles
for values below about 1.0 at.%. For a higher percentage of implanted primary particles,
which can be correlated to scattering angles γ ≤ 120◦ for Ar and γ ≤ 90◦ for Xe in panel b),
the mass density decreases with an increasing amount of implanted primary particles.
The presented data in Figure 4.38 do not clarify if the decrease in the mass density
is caused by the implanted primary particles due to the deformation they cause by being
trapped inside the amorphous TiO2 films. Another possible explanation might be, that
the decrease in the mass density is rather related to the energy, which the implanted ions
deposit inside the growing film before they are stopped and get trapped. In that case,
a decreasing scattering angle can be related to an increasing energy of the backscattered
primary particles and consequently to a higher energy being deposited inside the growing
film, which consequently leads to more atoms being displaced from their initial position.
4.4.6 Optical properties
The optical properties of the deposited TiO2 films were determined by applying the MSA, as
described in Section 3.2.1, individually for each ion-target combination. Figure 4.39 depicts a
representative plot of the complex dielectric function ε˜ in panel a) and the complex refractive
4.4. PROPERTIES OF TIO2 FILMS 93
0 3 0 0 6 0 0 9 0 0 1 2 0 0 1 5 0 0 1 8 0 0
0
2
4
6
8
1 0
1 2 a ) A r  → T i ;  E i o n  =  1 0 0 0  e V ;
α =  6 0 ° ;  β  =  - 1 0 ° ;
 ε1 ε2
λ [ n m ]
ε 2ε 1
0
2
4
6
8
1 0
0 3 0 0 6 0 0 9 0 0 1 2 0 0 1 5 0 0 1 8 0 0
0
1
2
3
4 b )
λ [ n m ]
n k
A r  → T i ;  E i o n  =  1 0 0 0  e V ;
α =  6 0 ° ;  β  =  - 1 0 ° ; n k
0
1
2
Figure 4.39: Representative plot of the complex dielectric function ε˜ in panel a) (ε1 and ε2)
and of the complex refractive index n˜ in panel b) (n and k) of a TiO2 film deposited by Ar
bombardment of the Ti target with an ion energy of 1000 eV, an incidence angle of 60◦, and
an emission angle of −10◦.
Table 4.10: Best-fit parameters of the MSA for all ion-target combinations.
Parameter Ar on Ti Ar on TiO2 Xe on Ti Xe on TiO2
ε∞ 1.09 0.80 1.07 1.07
Eg 3.25 3.26 3.22 3.22
BTL,1 1.40 1.46 1.41 1.43
Ept,1 4.17 4.19 4.15 4.18
ATL,2 88.34 101.96 99.93 106.18
BTL,2 11.81 13.98 11.63 11.51
Ept,2 7.39 8.19 7.01 6.81
index n˜ in panel b) for a TiO2 film, which was deposited by Ar bombardment of the Ti target
with an ion energy of 1000 eV, an incidence angle of 60◦, and an emission angle of −10◦. The
dielectric function and the refractive index both show the typical chromatic dispersion. The
complex part of both the dielectric function and the refractive index is zero for wavelengths
λ ≥ 382 nm, which can be related to a photon energy of Eph = 3.25 eV.
The coupled Tauc-Lorentz parameters of the MSA are depicted in Table 4.10 for all four
ion-target combinations. Table 4.11 shows Tauc-Lorentz parameters, which were reported
in the literature for TiO2 films deposited by PLD, MS, and atomic layer deposition (ALD).
In the case of the TiO2 deposited by ALD, a combination of two Tauc-Lorentz oscillators
was used. The reported values for the band gap Eg and the peak transition energy Ept
in Table 4.11 are close to the values reported in Table 4.10. The amplitude ATL,1 of the
first Tauc-Lorentz oscillator is used in the following to describe the variation of the optical
properties of the TiO2 films, since it has the strongest influence on the dielectric function.
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Table 4.11: Tauc-Lorentz parameters for TiO2 films deposited by several deposition tech-
niques.
Parameter PLD [114] PLD [114] ALD [115] MS [116] MS [116] MS [117]
ε∞ 2.52 3.11 0.3 2.55 2.19 2.33
Eg,1 2.32 2.58 3.1 3.26 3.26 3.28
ATL,1 36 57 150 226 248 245
BTL,1 0.5 1.0 1.5 1.55 1.86 1.75
Ept,1 4.51 4.29 4.2 4.08 4.13 4.18
Eg,2 - - 197 - - -
ATL,2 - - 11 - - -
BTL,2 - - 5.5 - - -
Ept,2 - - 3.4 - - -
Figure 4.40 depicts the amplitude ATL,1 as a function of the scattering angle. The
amplitude ATL,1 for the Ar bombardment of the Ti and the TiO2 target is shown in panel
a) for a fixed incidence angle of 30◦ and in panel b) for a fixed ion energy of 1000 eV.
Panels c) and d) show the corresponding ATL,1 for the Xe bombardment. From panels a)
and c) it becomes clear, that an increase in ion energy leads to an increase in ATL,1. The
influence of the incidence angle does not show such clear systematics, but ATL,1 is found to
be smallest for an incidence angle of 0◦. Independent of the choice of the ion energy or the
incidence angle, a systematical influence of the scattering angle on ATL,1 can be observed.
The amplitude ATL,1 first increases with a decreasing scattering angle and then decreases
again after it reaches a maximum. For Ar bombardment, this maximum is usually found
at a scattering angle γ = 120◦. In the case of Xe bombardment, this maximum is rather
a plateau, which decreases eventually for scattering angles γ ≤ 90◦. The here observed
influence of the scattering angle on the amplitude ATL,1 is very similar to the influence of
the scattering angle on the mass density, as depicted before in Figure 4.37. This similar
systematic behavior is in good agreement with the Tauc-Lorentz oscillator model, since the
amplitude ATL,i is related to the atomic density by definition.
Figure 4.41 depicts the correlation between the mass density and the index of refraction
of the deposited TiO2 films, at a wavelength of λ = 550 nm. The solid line in Figure 4.41
represents a linear fitting function:
n(λ = 550 nm) = 0.387
cm3
g
· ρ+ 0.99 (4.6)
The intercept of the linear fitting function for a mass density of zero is close to unity, i.e. the
index of refraction in vacuum. From these results, it can be concluded, that the systematic
variation of the refractive index is caused by a variation in the mass density. A similar
correlation between the refractive index and the mass density of amorphous and crystalline
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Figure 4.40: Amplitude ATL,1 of the first Tauc-Lorentz oscillator of the TiO2 films as a
function of the scattering angle for Ar bombardment for a) a fixed incidence angle of 30◦
and for b) a fixed ion energy of 1000 eV. Panels c) and d) show the corresponding ATL,1 for
the Xe bombardment.
TiO2 films was also observed by Laube et al. [118], Mergel et al. [119], Ottermann et al.
[120], and Bendavid et al. [121].
Compared to evaporated TiO2 films, a higher refractive index can be achieved by deposit-
ing TiO2 by ion plating (IP) or IBSD [100, 101, 118, 122, 123]. The higher kinetic energy
of the film-forming particles and the bombardment with assisting ions causes a densifica-
tion of the films. A similar densification effect was also observed for a decreasing working
pressure during evaporation [119]. This effect can also be assigned to a higher energy of
the film-forming particles, due to the less effective thermalization with lower working pres-
sure. Increasing the deposition temperature during pulsed laser deposition also leads to a
densification of TiO2 films [102]. Increasing the negative bias to the substrate in filtered arc
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Figure 4.41: Correlation between the mass density and the index of refraction n(λ = 550 nm)
of the deposited TiO2 films. The solid line represents a linear fitting function.
deposition (FAD), also leads to a densification of amorphous TiO2 films [121]. In summary,
a densification of TiO2 films during deposition can be realized by increasing the kinetic en-
ergy of the film-forming particles, deposition at elevated temperatures, or by bombardment
with assisting ions. These results are in good agreement with the structure zone diagram by
Anders [6].
The densification of thin films due to the bombardment with assisting ions is extensively
described in the literature concerned with IBAD. A detailed description of IBAD and the
densification effect is given in a review paper by Mohan et al. [8]. According to Mohan et al.,
the high-energetic assisting ions prevent the characteristic columnar growth of evaporated
films by sputtering overhanging atoms from pores, thereby keeping them open until they are
filled. This filling process is enhanced by an increased surface diffusion of the evaporated
material due to the momentum transfer from the assisting ions. Additionally, the assisting
ions cause a downward packing of surface atoms, which also leads to a densification of the
deposited films. A detailed description of this effect was given by Mu¨ller et al. [124, 125].
A maximum in the packing density can be achieved by either increasing the kinetic enery of
the assisting ions or their current density.
A further increase will lead in both cases to a decrease in the packing density, also referred
to as degradation. In the literature, the reason for the degradation remains unclear. While
Mohan et al. propose, that the degradation of oxides is caused by the preferential sputtering
of oxygen [8], Mu¨ller et al. correlate the degradation of ZrO2 films to the increasing oxygen
incorporation from assisting oxygen ions [125]. In this work, no correlation between the
O/Ti ratio of the deposited TiOx films and the mass density was found. Therefore, the
degradation of the TiO2 films cannot be assigned to a change of the O/Ti ratio.
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The observed systematic variation of the mass density with the scattering angle can be
explained by the influence of the scattering angle on the properties of the secondary parti-
cles. For large scattering angles, the mean energy of the film-forming and the backscattered
primary particles is relatively low. With a decreasing scattering angle, the mean energy of
all secondary particles increases, leading to a densification during the deposition process.
Below a scattering angle of γ = 120◦ for Ar and of γ = 90◦ for Xe bombardment, the energy
of the directly backscattered and directly sputtered primary particles becomes high enough
for the primary particles to penetrate the surface layer of the growing film. Along their
path, inside the growing film, these primary particles transfer their energy to particles of
the film and therby displace these particles from their initial position, causing a decrease of
the mass density, i.e. degradation. As a side effect, part of these primary particles become
implanted and therefore, a correlation between implanted primary particles and degradation
was observed in Figure 4.38.
The less effective backscattering of Xe compared to Ar and the less effective energy
transfer between Xe and Ti and Xe and O compared to Ar and Ti and Ar and O, leads to
a higher density of the TiO2 films that are deposited by Xe bombardment, since these two
effects result in a smaller amount of displacements in the growing films for Xe bombardment.
This also results in a broader maximum, or plateau, in the curves presented in Figure 4.40,
because the degradation sets in at smaller values of the scattering angle.
4.5 Sputtering by oxygen bombardment
The sputtering investigations presented in this work were repeated with oxygen as sputter
gas. The aim of these investigations was to produce TiO2 films under similar sputtering
conditions, however without the influence of backscattered Ar and Xe and consequently
wihtout the implantation of Ar and Xe in the growing films. Due to the oxygen flow of
5.0 sccm into the ion source, no additional oxygen flow was needed to deposit stoichiometric
TiO2. Some representative results of these experiments are presented in the following.
Figure 4.42 shows representative energy distributions of the secondary O+ (16 amu), O+2
(32 amu), Ti+ (48 amu), and TiO+ (64 amu) ions for the O bombardment of the Ti target
with an ion energy of 1000 eV and an incidence angle of 60◦ for an emission angle of 0◦ in
panel a) and for an emission angle of 60◦ in panel b). The corresponding energy distributions
for the TiO2 are presented in panels c) and d), respectively.
The representative energy distributions in Figure 4.42 show the same systematic behavior
that was already described in detail in Section 4.3.4 to 4.3.7. The most striking difference
is the obvious lack of Ar+ and Xe+ ions. In addition, there are no distinct features that
can be related to directly backscattered primary particles, but the development of a high-
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energetic tail can be observed in the energy distribution of the O+ ions, very similar to the
one described in Section 4.3.6.
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Figure 4.42: Normalized experimental energy distributions of the secondary O+ (16 amu),
O+2 (32 amu), Ti
+ (48 amu), and TiO+ (64 amu) ions during the oxygen bombardment of
the Ti target with an ion energy of 1000 eV and an incidence angle of 60◦ for an emission
angle of 0◦ in panel a) and an emission angle of 60◦ in panel b). Panels c) and d) show the
corresponding energy distributions for the bombardment of the TiO2 target.
Figure 4.43 a) depicts two representative plots of the amplitude ATL,1 of the first Tauc-
Lorentz oscillator of the TiO2 films as a function of the scattering angle for O bombardment
of the Ti and the TiO2 target with an ion energy of 1000 eV and an incidence angle of 60
◦.
The corresponding coupled Tauc-Lorentz parameters for O bombardment of the Ti and the
TiO2 target are listed in Table 4.12. The values for Eg, BTL,1, Ept,1, and Ept,2 are very similar
to those for the Ar and Xe bombardment listed in Table 4.10. The influence of the scattering
angle on ATL,1 in panel a) of Figure 4.43 is similar to the behavior for Xe bombardment,
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Figure 4.43: Panel a) shows the amplitude ATL,1 of the first Tauc-Lorentz oscillator of the
TiO2 films as a function of the scattering angle for O bombardment of the Ti and the TiO2
target for the representative case of an ion energy of 1000 eV and an incidence angle of
60◦. Panel b) shows the correlation between the mass density and the index of refraction
(λ = 550 nm) of the TiO2 films. The solid line represents a linear fitting function. The
dashed line represents the linear fitting function from Figure 4.41.
i.e. ATL,1 increases with a decreasing scattering angle and rather forms a plateau before it
decreases for a scattering angle γ ≤ 90◦.
Panel b) of Figure 4.43 shows the correlation between the refractive index and the mass
density of the TiO2 films. The solid line represents a linear fitting function:
n(λ = 550 nm) = 0.297
cm3
g
· ρ+ 1.21 (4.7)
The dashed line represents the linear fitting function from Figure 4.41 for the Ar and Xe
bombardment.
The correlation between the index of refraction and the mass density in Figure 4.43 b)
is very similar to the correlation described in Section 4.4.6, but the index of refraction is
in general about 0.1 smaller, for a given mass density, than the refractive index for the
bombardment with Ar and Xe, as indicated by the dashed line. Also the mass density of
the TiO2 films is in general smaller than for the Ar and Xe bombardment.
The RMS roughness of the TiO2 films was also determined, but is not described in more
detail, since it did show the same systematic behavior and was of the same order of magnitude
as the RMS roughness for Ar and Xe bombardment.
In summary, the overall behavior of the sputtering process with oxygen as sputter gas
is very similar to that with Ar and Xe. The systematic behavior of the mass density and
consequently of the refractive index is almost identical to that for Xe bombardment, but the
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Table 4.12: Best-fit parameters of the MSA for O bombardment of the Ti and the TiO2
target.
Parameter O on Ti O on TiO2
ε∞ 0.65 0.91
Eg 3.29 3.28
BTL,1 1.40 1.31
Ept,1 4.28 4.30
ATL,2 115.55 115.55
BTL,2 31.39 39.73
Ept,2 8.61 7.29
mass density and refractive index is in general slightly lower. The backscattering of inert gas
particles like Ar or Xe seems to be more effective regarding the densification of the growing
films compared to the backscattering of the film-forming O. However, too high-energetic
backscattered O particles also lead to degradation.
Chapter 5
Summary and outlook
The aim of this work was to perform a systematic investigation of the reactive ion beam
sputter deposition of TiO2. Two different targets were used as sputtering material, a metallic
Ti target and a ceramic TiO2 target. In both cases, an additional flow of oxygen was used
to ensure the deposition of stoichiometric TiO2. The whole process was divided into four
parts. The first is the creation of high-energetic ions in the ion source. The second is the
bombardment of the target with these high-energetic ions. The third is the emittance of
sputtered particles from the target. The fourth is the deposition of the sputtered particles
onto the substrate, resulting in the formation of TiO2. These four parts were investigated
and correlations between them were revealed.
The characterization of the ion beam revealed that for Ar operation mainly singly charged
Ar+ and for Xe operation mainly singly charged Xe+ ions are extracted. The energy of the
extracted Ar+ ions is about 30 eV higher than expected from the applied beam voltages of
500 V, 1000 V, and 1500 V, with a FWHM of about 15 eV. For the extracted Xe+ ions,
the ion energy is about 10 eV higher than expected, with a FWHM of about 10 eV. The
ion current extracted from the ion source was determined by measuring the current density
distribution with a Faraday probe and was found to be of the order of 10 mA.
The measured current density distribution was used to model the oxidation of the Ti
target during the ion bombardment. According to the modelling results, the surface of the Ti
target is almost fully oxidized for the applied sputtering conditions. In the representative case
of Ar and Xe bombardment with an ion energy of 1000 eV at normal incidence, the minimum
oxide coverage was 92% for Ar and 95% for Xe bombardment. TRIDYN simulations of the
TiO2 target showed, that oxygen is preferentially sputtered and that the primary ions are
partly implanted into the target. These results were used to define the target structures
for the SDTrimSP simulations, which were used to simulate the energy distributions of the
secondary particles for the bombardment of the Ti and the TiO2 with Ar or Xe.
The mass distribution of the secondary ions during ion bombardment of the two targets
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revealed that in both cases the most predominant ions impinging on the substrate are O+,
O+2 , Ti
+, TiO+, and, depending on the sputter gas, Ar+ or Xe+. Introducing oxygen into the
vacuum chamber during the bombardment of the Ti target leads to a drastic increase of the
signal intensity of the sputtered Ti+ ions, which is related to an increase in the ionization rate
due to the oxidation of the target’s surface. The signal intensity of the sputtered Ti+ ions
did not show any further inrease for the oxygen flow that was typically used during sputter
deposition, supporting the modelling results, that the target’s surface is fully oxidized.
The differential sputtering yield was derived from the angular distribution of the depo-
sition rate of the TiO2 films. The maximum of the differential sputtering yield showed an
increase with increasing ion energy and incidence angle, which is caused by an increase of
the total sputtering yield. Applying a fitting function to the differential sputtering yield that
is composed of an isotropic and an anisotropic part, revealed that the isotropic part is more
pronounced for an increasing ion energy, a decreasing ion incidence angle, or by changing the
sputter gas from Xe to Ar. This more pronounced isotropic emission of sputtered particles
can be explained by the deeper penetration of the impinging ions for an increasing ion energy
and a decreasing ion incidence angle and by the smaller momentum of an Ar+ ion compared
to a Xe+ ion of the same kinetic energy, since the observed anisotropy is momentum driven.
The influence of the process parameters, i.e. ion species, ion energy, ion incidence angle,
emission angle and target, on the energy distribution of the secondary ions was extensively
investigated by measuring the energy distributions with the ESMS and comparing the ex-
perimental energy distributions with the simulation results.
The energy distributions of the Ti+ ions showed a typical broadening with an increasing
ion incidence angle and emission angle. This broadening is caused by the anisotropy in the
evolution of the collision cascades. The broadening of the energy distributions leads to an
increase of the mean energy. The mean energy of the sputtered Ti+ ions is higher for the
bombardment with Ar compared to Xe due to the more effective energy transfer between
Ar and Ti compared to Xe and Ti. Increasing the ion energy also leads to an increase
of the mean energy. Changing the target from Ti to TiO2 has a negligible influence on
the measured energy distributions. The simulated energy distributions showed the same
sytematic behavior, but also showed high-energetic features that can be related to directly
sputtered Ti particles. The measured and the simulated energy distributions both reveal
that the energy distributions are mainly determined by the choice of the scattering angle.
The behavior of the energy distributions of the TiO+ ions was very similar to that of the
Ti+ ions. The most striking difference is the less pronounced high-energetic tail. The reason
for the consequently lower mean energy is probably found in the mechanisms responsible for
the formation of the TiO+ ions and a transformation of the ballistic energy of its constituents
into vibrational and rotational energy.
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The energy distributions of the O+ ions showed a low-energetic maximum, followed by
a high energetic tail, which is more pronounced for a decreasing scattering angle. The high
energetic tail is shifting towards higher energies when changing the sputter gas from Xe to
Ar, which is caused by the more effective energy transfer between Ar and O compared to Xe
and O. The simulated energy distributions also revealed high-energetic features, which can
be related to directly sputtered O+ ions. The measured energy distributions of the O+2 ions
did not vary significantly with any of the process parameters, and probably originate from
the background gas.
The energy distributions of the Ar+ and Xe+ ions showed a low-energetic maximum, fol-
lowed by a high-energetic feature, which can be related to directly backscattered or sputtered
primary particles. For Ar bombardment, these features are followed by a high-energetic tail,
which is not present for Xe bombardment. This high-energetic tail is tentatively assigned
to primary Ar+ ions, which are directly backscattered by a collision with a Ti particle.
This scattering event is not possible for Xe in the observed range of the scattering angle.
Therefore, the high-energetic features in both the Ar+ and Xe+ energy distributions are
most likely caused by single collisions between Ar and Ar or Xe and Xe particles. These
features are shifting towards higher energies with decreasing scattering angle and thereby
drastically increase the mean energy of the backscattered primary particles. The simulated
energy distributions confirm these findings.
In summary, it can be stated that the energy distributions of all secondary ions are mainly
affected by the scattering angle. The choice of the ion energy and of the target has a minor
influence in the observed range of the ion energy between 500 eV and 1500 eV. The choice
of the sputter gas mostly influences the energy distributions of the backscattered primary
particles and of the sputtered O+ ions.
The TiO2 films were characterized regarding their thickness, deposition rate, crystallinity,
composition, surface roughness, mass density and optical properties.
The film thickness and deposition rate were determined by SE measurements. The film
thickness was found to be in the anticipated range of 50 nm to 150 nm. The deposition rate
was in the range of 0.05 nm/min to 1.0 nm/min and was found to increase with increasing
ion energy and incidence angle, as expected from the typical behavior of the sputtering yield.
XRD measurements could not reveal any crystalline structures that were not related to
the Si substrate. Therefore, the films are considered to be X-ray amorphous.
The composition of the TiO2 films was determined via RBS measurements. The films
were found to be stoichiometric, with a maximum atomic percentage of implanted primary
particles of 4 at.% for Ar and of 2.5 at.% for Xe bombardment. The amount of implanted
primary particles increases with decreasing scattering angle, which is due to an increasing
differential scattering cross section and an increasing energy of the backscattered primary
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Ar and Xe particles. The higher amount of implanted Ar compared to Xe can be explained
by the more effective backscattering of Ar particles.
The RMS roughness of the TiO2 films was determined by AFM measurements. The TiO2
films showed a typical RMS roughness between 0.1 nm to 0.2 nm. The RMS roughness was
found to decrease with a decreasing scattering angle. This effect is tentatively assigned to
the increasing energy of the secondary particles, which leads to an enhanced surface diffusion
of the film-forming particles.
XRR measurements revealed that the mass density shows a systematic dependence on
the scattering angle. For large scattering angles, i.e. low secondary particle energies, the
mass density increases with decreasing scattering angle until it reaches a maximum and then
decreases again. This decrease is correlated to an increasing amount of implanted primary
particles, which is accompanied with an increase of the energy of the directly backscattered
primary particles.
The dielectric function and the refractive index of the TiO2 films were determined by
SE. The SE measurements revealed that the TiO2 films are transparent for wavelengths
λ ≥ 382 nm. The modelling of the dielectric function with a combination of two Tauc-Lorentz
oscillators showed, that the variation in the dielectric function with the process parameters
is mainly described by the variation in the amplitude ATL,1, which is by definition strongly
related to the atomic density of the film. Consequently, the amplitude ATL,1 shows a very
similar behavior as the mass density, i.e. an increase followed by a decrease with decreasing
scattering angle. This results in a strong correlation between the refractive index and the
mass density.
This systematic behavior of the mass density and of the optical properties of the TiO2
films can be explained by the properties of the secondary particles. For large scattering
angles, the energy of the secondary particles is in general relatively low. With a decreasing
scattering angle, the increasing energy of the secondary particles leads to a densification of
the films and thereby to an increase of the refractive index. The energy of the secondary
particles, especially of the backscattered primary particles, becomes at some point high
enough, so that the mass density starts to decrease again. This degradation already sets in
at larger scattering angles in the case of Ar bombardment compared to Xe, because of the
less effective backscattering of Xe compared to Ar. This degradation effect is extensively
discussed in the literature for ion beam assisted deposition.
Follow-up investigations of the reactive IBSD of TiO2 films by oxygen bombardment of
the metallic Ti and ceramic TiO2 target showed a very similar behavior of the film properties
with the process parameters. However, the mass density was found to be lower compared to
the deposition by Ar and Xe bombardment. The degradation was found to set in for smaller
values of the scattering angle compared to Ar bombardment. These results reveal that the
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backscattered primary inert gas particles lead to a more effective densification compared
to backscattered film-forming O. The investigations of the reactive IBSD of TiO2 films by
oxygen bombardment also showed, that the degradation is not only caused by the influence
of the high-energetic inert gas particles impinging on the growing films, but can also be
caused by increasing the energy of film-forming particles like O.
This work gives a systematic overview of the reactive IBSD of TiO2 films. The presented
investigations revealed that the choice of the ion beam parameters and of the used sputter gas
has a strong influence on the properties of the secondary particles. Especially the scattering
angle is a crucial parameter. The energy distributions of the secondary particles have a
strong influence on the thin film properties, e.g. the amount of implanted primary particles,
the surface roughness, the mass density and consequently the optical properties. Therefore,
reactive IBSD allows for a precise control of thin film properties. The presented investigations
also shed some light on the basic effects responsible for the densification and degradation of
thin films during PVD.
There are several questions regarding the investigated deposition process that could not
be explained in-depth, e.g. why the backscattering of the primary ions on implanted primary
ions has such a tremendous effect or how the process responsible for the degradation of the
mass density works in detail.
In addition to investigations related to these questions, further investigations of the reac-
tive IBSD of TiO2 could investigate the influence of the sputtering geometry on the properties
of crystalline TiO2, which is deposited at elevated temperatures. Another interesting task
would be to measure the influence of the sputtering parameters on the negative secondary
ions. The use of other sputtering gases like Ne or Kr might also lead to deeper insights into
the investigated reactive IBSD process.
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